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Abstract 


We study baryon number (B) and lepton flavour violation (LFV) in a supersym¬ 
metric model based on SO(IO) gauge group called New Minimal Supersymmetric 
SO(10) Grand Unified Theory (NMSGUT). 

We calculated one loop GUT scale threshold corrections to the relation be¬ 
tween the NMSGUT and effective minimal supersymmetric standard model (MSSM) 
Yukawa couplings. Strong renormalization of the Higgs line entering these vertices, 
due to the large number of GUT fields coupled to them allows lowering of the SO(IO) 
couplings required for fitting MSSM couplings. Since the same SO(IO) Yukawas are 
responsible for B-violation, proton decay lifetimes compatible with experimental 
limits are generically achievable. We successfully searched the NMSGUT parame¬ 
ter space for values that allowed accurate fits of known MSSM couplings and have 
acceptable dimension five operator mediated B violation rates. 

The spectra of sparticles used in the B violation calculations were improved by 
including one loop corrections. Searches including these corrections require careful 
control to avoid instability. We found fits compatible with the MSSM data and B 
violation limits even after inclusion of loop corrections. 

The effective theory of the NMSGUT includes lepton number violating cou¬ 
plings and thus our fits also imply predictions for LFV rates. We computed 
NMSGLIT estimates- based on successful fits- for important observables in the lep¬ 
ton sector such as lepton flavour violating processes (e.g. l t —>• ^ 7 , l t —* 3 lj), the 
muon g -2 anomaly (a M ) and the CP violation parameter (ecp ) relevant for high scale 
leptogenesis scenarios. For LFV estimation we have included heavy right handed 
neutrino thresholds. 

We computed the two loop renormalization group evolution equations of the 
NMSGLIT hard and soft supersymmetry breaking parameters. These equations are 
useful for running the parameters from Planck scale (Mp) to the unification scale 
(My). With a randomly chosen set of couplings at Mp, we run down them to 
and find a significant variation in the soft parameters. These changes could explain 
crucial features such as negative non universal Higgs mass squared values needed by 
the NMSGLIT for successful fitting of fermion Yukawas. 



We propose generation of the Standard Model fermion hierarchy by extension 
of the NMSGUT with 0(N g ) family gauge symmetry. In this scenario Higgs rep¬ 
resentations of SO(IO) also carry family indices and are called Yukawons. VEVs of 
these Yukawon fields break GUT and family symmetry and generate MSSM Yukawa 
couplings dynamically. As in the NMSGUT, the effective MSSM matter fermion cou¬ 
plings to the light Higgs pair are determined by the null eigenvectors of the MSSM 
type Higgs doublet superfield mass matrix %. A consistency condition on the doublet 
([1, 2, ±1]) mass matrix ( Det(H) =0) is required to keep one pair of Higgs doublets 
light in the effective MSSM. We show that the Yukawa structure generated by null 
eigenvectors of T-L are of generic kind required by the MSSM. We studied a toy model 
with two generations as well as the realistic three generation (N g = 3) case. We 
considered a number of generic possibilities, with random GUT scale parameters, 
which produce acceptable Yukawa eigenvalues and lepton and quark mixing angles, 
but small neutrino masses. This justifies searches for realistic dynamical fermion fits 
in the future by generalizing the programs and techniques used for the NMSGUT. 
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Chapter 1 


Introduction 


1.1 Standard Model and Beyond 

The Standard Model (SM) supplemented by effective operators describing small 
neutrino masses is the established model of particle physics whose predictions have 
been tested experimentally upto high accuracy. It is a renormalizable, spontaneously 
broken chiral Yang Mills quantum field theory describing strong and electroweak 
interactions, based upon the principle of local gauge invariance with the gauge group 
Gsm = SU (3)c x SU ( 2) l x U (1 )y and 3 families of 15 chiral fermion fields describing 
the known matter particles and antiparticles. Corresponding to this gauge group 
there are twelve gauge bosons (G a , W l , B) out of which three become massive after 
spontaneous symmetry breaking of the gauge group 

SU(3) C x SU(2) l x U (1)y —>• SU{3) C x U(l) em 
due to the vacuum expectation value (VEV) of Higgs field $(1,2,1) 



where r>=246 GeV. Three linear combinations of the four SU(2)l x U(1)y gauge 
bosons (W\B), W T ( Wl ±L W2 ) and Z (cwW 3 — swB ) acquire mass while the other 


1 
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orthogonal combination of W 3 and B- i.e. S\yW 3 + CwB remains massless and is 
identified as the photon (the gauge boson of the electromagnetic interactions). Here 
W l (i = 1,2,3) and B denote the gauge boson of SU(2)l and U(l)y respectively, 
cw(sw) = cos6 l vy(sindv^), Ow is Weinberg angle, defined as tan ° w = {()' and g 

are gauge couplings of £/(l)y and SU{2)l respectively). 8 gluons ( G a , a = 1...8) cor¬ 
responding to unbroken SU(3)c remain massless. Fermionic matter consists of three 
generations, embedded in the SM gauge group with following quantum numbers : 



Qla( 3, 2, -),u RA ( 3,1, -), d RA (3, 1, --), L la ( 1, 2, -1), e RA (l, 1, -2) (1.2) 

where A= 1, 2, 3 is the generation index. Clearly, all the fermion fields are present in 
chiral pairs (i.e. both T R and Tr) except the neutral fermion v R . Dirac mass terms 
like : are not allowed by gauge invariance. However, charged fermion masses 

are generated via the Yukawa couplings of the fermions with the Higgs doublet since 
the Higgs acquire a VEV. Visible, stable, matter content of the universe is thought 
to be made of first generation fermions (except for v T which persist) since the 
heavier generations decay to them with lifetimes shorter than 10 -10 s. 

Discovery of Higgs boson at Large Hadron Collider (LHC) p" ;2j confirmed the 
existence of all the SM particles. Although the SM seems to be a very successful 
theory but there seems to be no justification for its basic assumptions like the exis¬ 
tence of arbitrary Yukawa couplings. There is no profound explanation for the origin 
of families and their observed mixing structure. Furthermore, charge quantization 
remains unexplained. The fourth fundamental interaction- gravity- is not included. 
Besides these structural defects other flaws of the SM are the following unexplained 
experimental observations: 

1. Neutrino oscillations indicate non zero neutrino masses 0 111 El El Hi- Al¬ 
though neutrino masses can be included via (non-renormalizable) dimension 
> 5 operators [S] in the effective Lagrangian, there is no way to generate neu¬ 
trino masses in the renormalizable SM without any extension. This indicates 
SM is incomplete. 
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2. SM does not explain observed baryon asymmetry of the universe: ng/n 7 ~ 
10 ~ 10 . 

3. Only 4% of the universe is visible matter, while the remaining 96% is dark 
matter (DM) and dark energy. SM has no DM candidate. Dark energy is an 
even greater mystery. 

Answers to these questions require physics beyond SM. Therefore in spite of its 
experimental successes, the SM suffers from a number of limitations, and can’t be an 
ultimate theory of nature. It is only an effective theory at low energies (< 200 GeV) 
of some more profound and complete theory. For instance one can generate tiny 
neutrino masses through seesaw mechanism by extending the particle content of SM 
D33- Depending upon the nature of additional particle one can have Type I CD], n 
m or hi eg seesaw contribution. Type I seesaw requires addition of a gauge singlet 
right handed (“sterile”) neutrinos. Type II and III need Higgs and fermion which are 
triplet irreducible representations (irreps) (of SU(2 ) L ) respectively. Several beyond 
SM approaches like Supersymmetry (Susy), Grand Unified Theories (GUT), Extra 
Dimension, String Theory, Technicolor Model and 4th generation model etc. have 
been considered. String theory is a theoretical tool which replaces point particle by 
one dimensional string whose excitations are the usual point particle fields. Extra 
dimensions models are based on the assumption that real world is higher dimensional 
and its extra spatial dimensions are compact. Susy and GUT together provide an 
attractive framework which has explanation of most of the above mentioned open 
questions. From now onwards we will focus on this approach. 


1.2 Supersymmetric Grand Unification 

1.2.1 Supersymmetry 

Supersymmetry is the most appealing extension of the SM. It relates the existence 
of the fermions with bosons and vice versa. Each SM particle has its partner called 
superpartner which has the same quantum numbers as the particle except the spin 
which differs by half. Certain relations among the allowed coupling constants ensure 
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the invariance of the actions under transformations with anti-commuting Lorentz 
spinor parameter of Susy [b3j. This leads to conserved supercurrents and Noether 
supercurrents that are constants of motion. Higgs mass is sensitive to radiative 
corrections from new physics which vary quadratically with the scale of heavy par¬ 
ticles associated with the new physics. Stabilization of Higgs mass was the main 
motivation to introduce Susy. It stabilizes Higgs mass against radiative correc¬ 
tions by cancelling the loop contribution of a particle with the contribution from 
its superpartner p~4] . Supersymmetric version of the SM is called Minimal Super- 
symmetric Standard Model (MSSM). Superpartners of the SM fermions are scalars, 
called s-particles while that of gauge and Higgs bosons are fermions called gaugino 
and higgsino respectively. These gauginos and higgsinos mix to form neutralino and 


chargino states. The held content of the MSSM is given in Table |1.1[ Renormaliza¬ 
tion Group (RG) evolved gauge couplings of the MSSM accurately unify at GUT 
scale of order of 10 16 GeV which has been a strong motivational hint to study Susy. 


Both fermions and bosons are placed into an irreducible representation of Susy 
algebra called supermultiplet. Supersymmetric gauge theories typically use chiral 
and vector supermultiplets. Interaction and mass terms for the various superfields 
are described by analytic function (of chiral superfields (<&)), called superpotential : 


W 


Mb' 

~Y~ 


+ 


yijk 

IT 




(1.3) 


where M 1J is the mass matrix and y^ k is the Yukawa coupling. Scalar potential is 
computed from the superpotential : 


V = F**Fi + - ^ D a D a ; F i = 


dW 

94>i 


D a = g a <ftT a (j) 


(1.4) 


Index a run over the adjoint representation of the group so the corresponding term 
exhibit gauge interactions. 

Clearly, Susy is broken in nature because none of the Susy particles has been 
observed till date. Even without being exact symmetry, Susy can solve the hierarchy 
problem in a elegant way provided Susy is softly broken. ‘Soft breaking’ means 
that the symmetry breaking terms are super-renormalizable (i.e. mass or scalar 
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trilinear terms). Soft mass terms are introduced by hand in the Lagrangian (£ so ft) 
to distinguish the mass of Susy particles from their SM partners. Supersymmetric 
Lagrangian is given by 

£ = £ Su sy + £ S oft (1-5) 

Here C Susy ((p, ip, A^, A, F, D) is globally supersymmetric action coupling matter and 
gauge fields to each other and their superpartners. The generic form is: 


£susy = + ig a V2fT a X a ^ 


9a 7~> 2 
2 a 


dW 


dcj) 


1 d ' 2w , , , 
7 + 


( 1 . 6 ) 


We follow notation of dans] (see these Refs, for reviews). £ so f t (</>, A) is the Susy 
violating part having the generic form of gaugino mass, scalar bilinear and trilinear 
terms: 

^soft MW + m^\(j)\ 2 + (A 0 W ((f)) + h.c.) (1.7) 

Note that all the parameters (M, m H 0 ) in £ so f t have mass dimensions. If one 
consider the different soft masses and trilinear couplings for the MSSM scalars and 
gaugino masses then one would end up with 105 free parameters HU and this sce¬ 
nario is called unconstrained MSSM. However it is known that flavour violation in 
the soft breaking terms must be nearly absent to avoid disastrous levels of flavour 
changing interactions not observed at low energy There are various theoret¬ 
ical mechanisms that may explain Susy breaking like gravity d9] EQj, gauge |2l] 
and anomaly [22] 123] mediation scenario which provide some kind of flavour blind 
boundary conditions at GUT scale. As MSSM is an effective theory of the GUT, 
soft parameters are evolved from the GUT scale down to the electroweak scale. 
Model with universal boundary conditions for soft sector parameters is called con¬ 
strained MSSM. Besides constrained and unconstrained model, phenomenologically 
more predictive model based upon the assumptions that the CKM matrix is the 
only source of CP violation and flavour mixing, diagonal soft masses and trilinear 
couplings with degenerate first two generation, has been studied extensively. These 
assumptions reduce the parameters to 19 and the model is called phenomenological 
MSSM (23). The superpotential of the MSSM is : 
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Particle 

Superpartner 

Fermions 

Quarks 

Leptons 

«-(::) 

Ur 

dn 

Scalars 

Squarks 

Sleptons 

Ur 

dR 

ME) 

&R 


Gluon 

9 


Gluino 

9 

Gauge Boson 

W Boson 

W ± ,W 3 

Gaugino 

Wino 



Photon 

B 


Bino 

B 

Higgs Boson 


H u 

H d 

Higgsino 


H u 

H d 


Table 1.1: MSSM fields 

Wmssm = uYuQHu + dYdQHd + eY e LH d + pH u H d (1.8) 

Here Q, L,u, d,e are the chiral superfields introduced in the Table The pa¬ 
rameters Y u , Y d and Y e are Yukawa couplings of up type quark, down type quark 
and charge leptons respectively. H u and H d are the Higgs doublets whose VEVs 
(v u , v d , tan/3 = generate mass for the up and down type fermions. The first 
three terms are the familiar SM Yukawa interactions while the last term is the 
Higgs mixing or /j term. Besides these terms in the superpotential the following 
baryon number (B) and lepton number (L) violating terms are also allowed by 
gauge invariance (but are excluded from the MSSM on phenomenological grounds) 

A - - \"■ ■ 

W&b/al=i — ^ j< /.• + A 'ijkLiQjdk + pI^LiHu H- -Y—Uidjdk (1-9) 

These operators imply fast proton decay rate unless the couplings are suppressed 
(e.g. |A'A"| < 10~ 24 ( 10 o f Qev ) 2 )- To forbid these d = 4 operators, a discrete symme¬ 
try known as R- parity is introduced : 


ft — ^_]^3(B-L)+2s 


(1.10) 
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Here s is the spin of the particle. SM particles have R— 1 and Susy particles have -1 
value. Exact conservation of R-parity require each vertex must have even number of 
R — — 1 particle, so Wab/al=i is not allowed. Further, the “lightest supersymmetric 
particle (LSP)” is stable by R-parity conservation and proves a suitable “weakly 
interacting massive particle (WIMP)” dark matter candidate. This is a crucial 
phenomenological virtue of R-parity conserving MSSM. 

1.2.2 Grand Unified Theories 

The quest for unification started back in the 19 th century with the unification of 
electric and magnetic forces as electromagnetic force by Clerk Maxwell. Unification 
of weak and electromagnetic interaction is successfully achieved in the SM but leaves 
many unanswered questions. Unification of all the known interactions except grav¬ 
ity is known as Grand Unified Theory. It offers a framework to solve many of the 
shortcomings of the SM. The first evidence for physics beyond SM came with dis¬ 
covery of neutrino masses implied by neutrino oscillation data [3|, 0, El 51 0 Hj which 
require theoretical explanation. The seesaw mechanism [lOj is the most appealing 
mechanism for explaining smallness of neutrino masses although simply tuning of 
Yukawa couplings is also still viable. It relates smallness of neutrino masses with the 
existence of heavy particles. It provides some hint of high scale physics. Essentially 
the d=5 neutrino mass or Weinberg operator [9] and its higher dimension general¬ 
ization are generated when heavy right handed neutrino (z/(l,l,0)) are integrated 
out (Type I) or a heavy triplet scalar mass suppress a neutrino mass inducing VEV 
(Type II) and so on. Nearly exact unification of the RG evolved three MSSM gauge 
couplings at high scale ~ 10 16 GeV [23, 2BJ is strongest motivation to study GUTs. 
All these clues reinforced the proposal H3 |2E] to search for the larger gauge symme¬ 
try of the nature represented by some higher group whose effective theory is the SM. 
The basic idea is to unify gauge as well as matter content to reduce arbitrariness of 
SM. Gsm C Gqut-i so GUT group should be of rank > 4. 

In 1974, Pati-Salam proposed the first-ever GUT based upon Gps = 517(4) x 
SU{2) l x SU(2) r gauge group [[27]. Gps contains the left-right symmetric gauge 
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group Glr = £1/(3) x U(1)b-l x SU(2)l x SU(2)r which breaks to SM. Left-right 
(LR) symmetric models offer an appealing understanding of the origin of parity 
violation in the SM. LR symmetry requires existence of the right handed neutrino. 
If the Majorana mass of v is large a small neutrino mass is generated through seesaw 
mechanism [lOj. SM fermion and D are embedded in the LR models as 


VVk*(4j 2,1) = Q(3, 2,1/3) + L(l, 2, —1) 

^(4,1, 2) = d{ 3,1, 2/3) + u( 3,1, -4/3) + e(l, 1, 2) + P( 1,1, 0) (1.11) 

where L, Q, e, d, u are written with their SM quantum numbers and the indices 
/u, a, a refer to SU(4), SU{2) L and SU(2) R respectively. 4-plet of SU(4) treats 
lepton as a fourth color. Higgs triplets (A^(l,3,1) and A#(l,l,3)) or doublets 
(Xl{ 1, 2, l)©y fl (l, 1, 2)) and bidoublet (0(1,2, 2)) can implement symmetry breaking 

G lr G sm SU (3) c x U{l) em 

Wl and Wr are gauge bosons corresponding to SU{2)l and SU(2 )r respectively 
with mw R » mw L as these are missing experimental signature. Electric charge is 
given by 

Qem = T 3L + T 3R H--- (1-12) 

Although Gps unified matter content but still we have 3 gauge couplings, therefore 
no reduction in number of gauge parameters. 

Soon after Pati-Salam, Georgi and Glashow proposed single gauge group GUT 
SU(5) [28] which can embed SM gauge group. This is the smallest gauge group (rank 
4) which provides unification of gauge interactions. SM fermions are embedded in 
the 5 dim and 10- plet (2 index antisymmetric) of SU(5) as 

5 = {L, d} ; 10 = {Q,e,u} (1-13) 


SU(5) group is simple, so it explains charge quantization. It has 24 gauge bosons 
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which transform under the maximal subgroup SU(3) x SU( 2) x U( 1) as : 

24 = (8,1, 0) + (1, 3, 0) + (1,1,0) + (3, 2, —|) + (3*, 2, |) (1.14) 

Here (8,1) are the SU(3) gluons, (1,3) are SU(2) gauge bosons, (1,1) is gauge boson 
of U(l) group. Remaining 12 ((3,2) + (3*, 2)) are new heavy X and Y gauge bosons 
(leptoquark) which are responsible for proton decay. The experimental lower limit on 
the life time of proton is more than 10 33 yrs. This implies the mass of carriers X, Y 
should be greater than 10 15 GeV. Exchange of X , Y or other Higgs leptoquark leads 
to violation of baryon and lepton number but B-L is conserved. SU(5) symmetry 
spontaneously breaks to SM by 24-plet Higgs field (£), while the SM doublets lie in 
a 5-plet ( H ) of SU(5) : 

SU( 5) SU{ 3) c x SU{2 ) l x U(1) Y SU{ 3) c x U( l) em 


SU(5) accommodates SM fermions of the same family in different representations 
({L,d} G 5 ]({Q,e,u} G 10). It predicts equal Yukawa couplings for down quark 
and charged leptons which is not true for Erst two generations. The original model 
of Georgi-Glashow fails to produce neutrino masses. Realistic SU(5) models can be 
build by addition of 24# 1291 130] or 15# [3U E2] multiplets as well as a (singlet) 
right handed neutrino. Since it is a SU(5) singlet the gauge symmetry does not offer 
any relation between neutrino and charged lepton masses. Then one can produce 
neutrino masses through seesaw mechanism (Type I and III in case of 24#, Type II 
in 15# and Type I with p). 

SO(IO) is a rank 5 GUT [33] candidate which offers unification of matter as 
well as of gauge interactions. The embedding chain SU( 5) x {7(1) C 50(10) —* 
50(10) x 0(1) C Eq shows that E & is a “maximal” GUT gauge group pi]. This 
thesis is based upon a successful supersymmetric SO(IO) model so we will elaborate 
SO(IO) properties in detail in the following section. 
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1.3 SO(IO) GUT 

1.3.1 Group Theory Essentials 

SO(IO) is a special orthogonal group of rank 5 with 45 parameters. Group elements 
are generated from generators (J) 

O = exp (^Jij) ; i,j = 1...10 (1.15) 

Antisymmetric generators in the fundamental 10-plet representation are: 

( Jij ) kl ^i[k^l]j (1-16) 

here square bracket represents antisymmetrization and these generators obey algebra 

[Jiji Jkl] i$k[iJj]l i$l[iJj]k (1-17) 

The fundamental (10-plet) representation Hi transforms as : 

h; = 0,,H, (1.18) 

Taking tensor product of the fundamental representation one can form higher di¬ 
mensional symmetric or anti-symmetric representation. For example 45, 120, 210, 
54 are (2, 3, 4) index antisymmetric and two index symmetric traceless vector rep¬ 
resentations respectively. 126 (E) is self-dual 5 index anti-symmetric representation 
which requires special attention because it plays a crucial role in SO(IO) model 
building specially for neutrino masses. 

*5 gy e ii...iio^-'»6—no i ^ ^ (1.19) 

Similarly one can project out the anti self-dual 126 : 

E = -E 


( 1 . 20 ) 
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Apart from tensor representations, orthogonal groups have spinor representations 
generated using Clifford algebra of the 2 N (N=5 for SO(IO)) dimensional F,; matrices: 

{r?;, Fj} = 28 ij (1-21) 

From these generators one constructs : 

Eij = (1-22) 

The generators Ey obey the SO(IO) commutation algebra (see Eq. ( |1. 17| ) ). The ex¬ 
plicit form of T and hence E matrices can be found in [35j [36]. Spinor representation 
of SO(2N) is 2 n dimensional (32 dim for SO(IO)) which transform as 


\H / = exp(—(1.23) 
Irreducible 16( , 0) dimensional spinor representation is constructed using projectors: 

V) = y t r = ™ 11 . . r Flv , = ir 2 r 4 ....r 10 (i.24) 

By taking direct products with tensors, spinor representation lead to an additional 
class of (“double valued”) representations. 

We strictly follow the notations of Ref. |36j throughout the thesis. For com¬ 
pleteness we mention the most frequently used ones: a,b,c(1..6) and <5, /3, 7(1..4) 
are SO(6) and SO(4) indices respectively, /i, n, A... represent SFi(4) indices and run 
from 1 to 4; /i, P, A run over the color subgroup (1 to 3) of SU(4); a, (3...(a, $...) 
denote SU(2) L (SU(2) R ) doublet indices and vary from 1 to 2; A, B... and i, j, k.. 
are SO(IO) spinor and vector indices and run from 1 to 16 and 1 to 10 respectively; 
A, B, C=1...3 are also used for family indices. 

1.3.2 Virtues of Supersymmetric SO(IO) GUT 

• RG evolved gauge couplings of MSSM accurately unify at M GUT ~ 10 16 25 


GeV. 
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• It is a natural home for Type I and Type II seesaw mechanism which generate 
neutrino masses in the milli-eV range, via high scale B-L breaking, without 
any tuning of Yukawa couplings as is required when the B-L breaking scale is 
small. This follows since minimal Susy SO(IO) embeds the minimal Susy LR 
models J37J 38, |39| 00, 01] which have high scale breaking of B-L symmetry. 

• Large tan (3 SO(IO) models provide third generation Yukawa unification [42], 
Type II seesaw dominated models relate atmospheric neutrino mixing angle 
with b — t unification [ 43] . 

• Another important aspect of SO(IO) gauge group is that M-parity ((—1) 3 ( B ~ L )) 
is effectively part of SO(IO) gauge symmetry since U{1)b-l C SO(IO). It can 
be preserved [39] 00, 33] till low energy with suitable choice of VEV of Higgs 
field. Using only B-L even VEVs, R/M- parity preservation ensures stable 
LSP which can act as a cold dark matter candidate. 

• Observed baryon asymmetry of the universe can be understood via leptoge- 
nesis which explains baryogenesis through sphaleron processing of a lepton 
asymmetry created in L and CP violating decays of heavy neutrino. 


1.3.3 Model Building 

As mentioned spinor representation of an orthogonal group provides special motiva¬ 
tion to study SO(10) GUT. 16-plet of SO(10) can accommodate exactly 15 fermions 
of one SM generation along with right handed neutrino. 16-plet decompose under 
two maximal subgroups of SO(IO) : Gps and SU(5) x 1/(1) as : 


16 = Wa(4, 2,1) + V£(4,1, 2) = 10 + 5 + 1 


(1.25) 


From Eq. |1.11 we know how SM fermion and right handed neutrino are embedded in 
and "0^. As all the matter fields are present in a single irreducible representation 
thus gauge interactions in SO(10) conserve parity. SO(10) has 45 gauge bosons which 
decompose under the Pati-Salam group as 


45 = ( 15 , 1 , 1 )+ ( 1 , 3 , 1 )+ ( 1 , 1 , 3 )+ ( 6 , 2 , 2 ) 


( 1 . 26 ) 
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An additional 33 gauge bosons (besides the 12 present in the SM) called leptoquarks, 
mediate B and L violating interactions. One can have different symmetry breaking 
chains via the two maximal subgroups : 



50(10) 


(1.27) 


These breaking chains proceed via different Higgs sectors. As clear from the Gps 
and SU(5) GUT, spontaneous symmetry breaking of the larger unified group to SM 
gauge group requires different higher Higgs representation depending upon the group 
under consideration. Choice of different combination of Higgs irreps give different 
SO(IO) models. Possible choices are 45, 54, 126, 210 Higgs irreps which contain 
MSSM singlet. Further, Higgs content of the model is chosen not just to break the 
GUT symmetry but it should also able to produce realistic fermion mass mixing 
data. The tensor product of two 16-plets is 


(1.28) 


16® 16 = 10 e 126® 120 


Since 10, 120 irreps are real and 126 is complex, the above tensor decomposition 
suggests that only 10, 126 and 120 Higgs irreps can couple to matter bilinear at 
SO(IO) Yukawa vertex. 

There are two main classes of SO(IO) GUTs distinguished by whether they 
use doublets or triplets to break the right handed gauge group SU(2)r and whether 
the seesaw is renormalizable or not. Model builders considered small representa¬ 
tions like 10,16,16, 45 [45j, out of these 45, 16 and 16 break SO(IO) symmetry to 
MSSM and 10-plet is required for electroweak symmetry breaking. This model can 
not produce realistic fermion masses without using non-renormalizable operators. In 
the renormalizable regime one needs to use large representations like 126. Further 
other higher Higgs irreps like 210 or 54 are required for gauge symmetry break¬ 
ing. In this scenario two possible Higgs sets sufficient for spontaneous symmetry 
breaking to MSSM are 210 © 126 © 126 and 54 © 45 © 126 © 126. In particu¬ 
lar, the model based upon 10, 126, 126, 210 Higgs representations has minimum 
number of parameters and is under development since 1982 g6j SZj, was named 
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as Minimal Supersymmetric Grand Unified Theory (MSGUT) [48]. 126, 
126, 210 Higgs irreps break symmetry to the MSSM and 10, 126 generate fermion 
masses. 

Since 2000 [ 361 149] a conversion of SO(10) tensor, spinor representation and 
their invariants in terms of unitary subgroups Gps and 577(5) x U( 1) has facili¬ 
tated model building in SO(10). Recently a SO(10) model using only single pair 
of irreducible Higgs representation (144 + 144) is proposed [501 15TJ. 144 irrep has 
both vector and spinor index. Adjoint and 5-plet of SU(5) contained in 144 break 
the gauge symmetry to SU(3) C x U{l) em . Quartic coupling of Higgs and matter 
(16.16.144.144) generates fermion masses. 

Babu-Mohapatra proposal that 10,126 Higgs can completely determine the 
fermion Yukawa couplings [52], triggered intense interest in fermion fitting in SO(10) 
models [43,'55]. MSGUT, a fully specified theory with only 26 real (hard) parameter 
failed [54j, [55], 56] to fit realistic fermion mass mixing data because Type I seesaw 
contribution which dominates over Type II seesaw yields too small neutrino masses. 
Faced with this impasse, Aulakh and Garg [55], 57] investigated the role of 120 plet 
(which can couple to matter bilinear) in the context of its direct contribution to 
fermion masses. Earlier the 120-plet was considered [56, 58] [59] mostly as a pertur¬ 
bation to 10, 126, to suppress proton decay or to explain different quark and lepton 
mixing with arbitrary assumptions. The observation that MSGUT accompanied by 
the 120-plet Higgs (which is the next to minimal candidate) where the 120 and 
10-plet fit the charged fermion masses and the 126 is freed to fit neutrino masses 
succeeded in achieving a realistic fit. Since the Type I seesaw neutrino masses are 
inversely proportional to the 126 Yukawa coupling, the freed (to be small) 126-plet 
coupling enhances the Type I seesaw masses to viable values (Type II contribution 
gets further suppressed) allowing enough freedom to fit all the fermion mass and 
mixing data (the d, s quark Yukawa couplings require special treatment and this 
yields important information on sparticle spectra). The small 126 coupling provide 
right handed neutrino masses in a leptogenesis [[60] compatible range ( 10 8 — 10 12 
GeV). In this way, the GUT based upon the 210 © 10 © 120 © 126 © 126 Higgs ir¬ 
reps, known as a New Minimal Supersymmetric SO(10) GUT (NMSGUT), 
emerged as a realistic GUT. 
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1.4 Thesis Outline 

This thesis is a report on development of a realistic Susy SO(IO) model called 
NMSGUT. The principal new contributions have made are the following: 

• The NMSGUT [57] while able to fit the MSSM fermion hierarchy and predict 
specific testable super spectra, yields a proton decay life time 10 27 yrs if 
threshold corrections due to ~ 700 superheavy fields are ignored. We calcu¬ 
lated one loop corrections to the effective MSSM Yukawa vertices. We found 
that the tree level relation between MSSM and Yukawa coupling is strongly 
renormalized due to the large number of fields and couplings renormalizing 
the MSSM Higgs field. This allows natural suppression to r p > 10 34 yrs on the 
“Higgs dissolution edge” {Z H g ~ 0) in GUT parameter space. 

• In Ref. [5?| tree level sparticle spectrum were used. One loop corrections to 
sparticle masses can be large specially for the minisplit Susy spectra with large 
Ho, /j, an d Ma parameters found in [5?]. We incorporate these corrections in 
the search program. 

• Since the NMSGUT generates neutrino masses from B-L violating VEVs and 
the GUT scale slepton soft masses and trilinear couplings are renormalized by 
loop corrections and right handed neutrino thresholds one expects [61, [621[65| 
significant lepton flavour violation (LFV) in the benchmark observable like 
h —*■ IjT rates. We calculate these and other lepton sector predictions of the 
NMSGUT. 

• One expects the soft Susy parameters to obey GUT relations at some high 
scale (e.g. Planck scale or string scale) which need not coincide with the 
MSSM coupling unification scale M\ = 10 1633 GeV. Thus the RG equations 
predicting flow of NMSGUT couplings between these scales should be calcu¬ 
lated and used to improve the estimate of plausible soft parameter values at 
M°. We calculated the complete two loop NMSGUT RG equations for soft 
and hard parameters and quote the hard parameter equations in the thesis. 
The soft parameter RG equations are available in [611 [65] . 
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• The successful fitting of the fermion hierarchy in the NMSGUT naturally moti¬ 
vates attempts at flavour unification which generate the successful NMSGUT 
and ultimately MSSM fermion couplings dynamically. We have proposed a 
novel dynamical scenario implementing this idea using the experience gained 
from unifying the MSSM fermion hierarchy in the NMSGUT. 

Our aim is to check the model compatibility with experimental data. First of all 
successful GUT should be able to fit the SM fermion mass mixing data (m q j, 0 3 ™ 3 13 , 
<5 CKM , and d PMNS , Ami). Proton decay is a peculiarity of GUT so it becomes 

a fundamental test. In the lepton sector the experimental upper bound |66, |67f ESJ 
for the branching ratio of lepton flavour violating decays /i —> ey, r —> /ry, etc. and 
the muon anomaly [69j require thorough investigation of how these limits constrain 
the parameter space of the model. We will discuss all these issues chapterwise. 

In Chapter 2 we review the structure of the model, in particular, fermion mass 
generation, effect of superheavy thresholds on gauge couplings and FORTRAN fit¬ 
ting program algorithm. Tree level Susy spectrum is presented in the Appendix. In 
Chapter 3 a generic mechanism is introduced to suppress fast d=5, baryon decay 
in SO(IO) GUT with an example solution. Appendix contains detailed formulae for 
Higgs renormalization factors. Loop corrected Susy spectrum is presented in the 
Chapter 4 with approximate formulae which clarify the dominant contributions and 
fits incorporating these loop corrections. Chapter 5 is devoted to the lepton sector 
phenomenological implications of the model which includes AF=1 LFV processes, 
AF=0 (a M ) and calculation of leptogenesis parameters. In Chapter 6, we present 
the SO(IO) renormalization group equations for the NMSGUT soft and hard pa¬ 
rameters. In Chapter 7, dynamical Yukawa generation in SO(IO) GUTs extended 
with the family group 0(N g ) is discussed. In Chapter 8, we summarize our work 
and conclusions. We also indicate avenues for further research. 



Chapter 2 


New Minimal Supersymmetric 
SO(IO) Grand Unified Theory 

2.1 Introduction 

The so called “NMSGUT’’ is a renormalizable SO(IO) supersymmetric grand uni¬ 
fied theory based upon 10(H)©120(©)©126(£)©126(S)©210(<h) Higgs irreps. 
All the SM fermions along with the right handed neutrino are accommodated in 
three copies (V’a) of 16-plet. 126, 126, 210 Higgs irreps participate in sponta¬ 
neous symmetry breaking (SSB) from Susy SO(IO) to MSSM in steps or at once 
and are therefore called adjoint type Higgs multiplets (AM). 10, 126, 120 Higgs 
irreps couple to matter bilinear to generate fermion masses and are hence called 
ra fermion mass (FM) type Higgs multiplets. 120-plet has no MSSM singlet so it 
does not participate in symmetry breaking. Use of 126 irrep in the GUT scale SSB 
offers automatic implementation of high scale Type 1 and Type If seesaw. 126 is 
introduced to preserve Susy in the GUT scale SSB which exhibits crucial R-parity 
conservation ( only B-L=2 even fields have VEVs). 10 and 120-plct are mainly 
responsible for generating charged fermion masses and small Yukawa coupling of 
126 is crucial for viable neutrino masses. The heavy right handed neutrino in range 
10 8 ~ 12 GeV (compatible with leptogenesis) and milli-eV neutrino masses as required 
by neutrino oscillations, through seesaw mechanism are achievable. Thus this model 
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is capable of fitting known SM fermion mass mixing data. 

The structure of the theory includes its mass spectra, RG evolution, effective 
MSSM, B violation effective superpotential, threshold effects, fermion fitting etc. 
and has already been elucidated [TO, SHJ [36, [5U [55, 5ZJ. Extensive computer codes 
were developed, incorporating the NMSGUT formulae to search the GUT parameter 
space for viable parameter sets m- In this chapter we review the structural features 
and predictions of the model. We include the description of how the GUT threshold 
corrections modify MSSM Yukawas that are incorporated in the NMSGUT code. 
The actual threshold corrections are given in the next chapter. 


2.2 Structure 


2.2.1 Spontaneous Symmetry Breaking 


The superpotential of theory which involves Yukawa couplings for Higgs and matter 
fermions is given by 


1 2 777 , A T) _ 

l+NMSGUT ^ijkl^ijkl + ^^ijkl^klmn^mnij + ijkl^ijmno^klmno 

M — 1 __ 

“1“ gj S ijklm^ijklm + jklm\/^ijklm + ijklm ) 

JJIq p 

+ 2(3!) ®ijk®ijk + ® ijk^rnijk + ®ijk®mnk^ijmn 


1 


®ijk^ klmniPP^lmnij + C ^Imnij) + ^AB^Pa^ 2 ^i^P bH^ 


2(3!) 


■g|/4B'/’jC'f ) 7 il ....7 js l/'BE jl ... i5 + J ] gABVACf ) lililki’B&ijk (2.1) 


Here h, f and g are Yukawa couplings of 10, 126, 120 Higgs. These are complex 
symmetric ( h , /) and anti-symmetric (g) matrices in flavour space. We can diag¬ 
onalize one out of these by performing U(3) rotations in the flavour space since 
the kinetic terms of the three 16-plets are invariants under U(3). These Yukawas 
contribute 21 real parameters (real diagonal h( 3)+ complex symmetric /(12) + com¬ 
plex antisymmetric g( 6)). In addition to these, superpotential has trilinear couplings 
(A, 77, 7,7, k, Pi (, C) and masses (Mh, M, m©, m) which contribute 24 parameters. In 
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total model has 45 real parameters out of which 2 can be fixed by using fine tuning 
condition for Higgs mass (which we will explain later) and 5 phases can be removed 
by redefining Higgs fields (therefore we choose real ( 7 , 7 , m@, m, M)). M is deter¬ 
mined from A, 77,777, £ (M = and further £ parameter is determined from x 
(solution of Eq. 2.5). We are left with 37 parameters. Although this seems a lot, it 
is minimal in comparison to any other SO(IO) GUT which provides realistic fermion 
mass mixing data and experiment compatible B-decay rates. The GUT scale (SM 
neutral) VEVs that break the gauge symmetry down to the SM symmetry (in the 
notation of |36|) are 


(( 15 , 1 , 1)) 2 10 : (< fiabcd) — 2 e abcdef€ e f (( 15 , 1 , 3))210 : (0 a bafi) ~ UJeabe a/3 

((!> 1) 1))210 : ('0a/3y5)— P e aP^S ((10, 1, 3))j26 : (^i358o) = ^ 

((TO, 1,3)) 126 :(£ 2 4679> = c- (2-2) 


As a function of these VEVs the superpotential becomes 


W = m(p 2 + 3a 2 + 6 u 2 ) + 2A(a 3 + 3 pu 2 + 6 acu 2 ) + (M + r)(p + 3a — 6 u))aa (2.3) 


It is sufficient to calculate F terms from the above superpotential and investigate 
the conditions for them to vanish. The VEVs of 210 do not contribute to any 
D term leaving only Db~l ~ (M 2 — |h| 2 ) contribution to the D-terrn potential. 
Thus vanishing of F and D terms determine MSSM vacuum. Dimensionless VEVs 
(in units of m/ A) can be ensured by writing all VEVs in terms of single complex 
parameter x(— — yy = — Cj) : 


x(bx 2 — 1 ) 
(1 — x) 2 


x 2 + 2 x — 1 


a = 


x 


- = _ 2 Ax(l + x 2 )(l — 3a;) 
uo" (2.4) 

7 (1 — x) z 


Note that Arg(cr) + Arg(a) is B-L invariants while Arg(cr) — Arg(ct) can be set to zero 
by a B-L transformation. Thus effectively a = a. Then F PA ^ = 0 and vanishing of 
F a a requires [23 SSI [SI : 


8x 3 - 15x 2 + Ux-3 + £(1 - x) 2 = 0 


( 2 . 5 ) 
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where £ = For each value of £, three solutions of x are available. The complex 
parameter x is used for systematic survey of parameter space of the model HQ1IMII55] 
since its variation directly affects the VEVs and thus the masses in the theory and 


each value of x fixes a unique £, whereas solving (Eq. 2.5) for x given £ requires 
checking three solutions separately. 


2.2.2 Superheavy Spectrum 

SO(IO) Higgs representations are decomposed into the SM gauge group represen¬ 
tations by first decomposing into Pati-Salam (PS) labels. As an example we will 
discuss splitting of 10-plet. We first need to decompose 10-plet under 50(6) x 50(4) 
as : 

lO(-Hi) = 6 (H a ) + A(Ha) (2.6) 

Here a, a are SO(6) and SO(4) indices respectively. 50(6) ~ 50(4) and 50(4) ~ 
{50(2), 50(2)} facilitate PS decomposition. Complete technology of orthogonal to 
unitary conversion is presented in [3(6]. PS decomposition of 10-plet is : 

Hi( 10) = H^( 6,1,1) + H a& (l, 2, 2) (2.7) 

6-plet ([/ii/]) is two index antisymmetric representation of SU(4). Second multiplet 
is SU(4) singlet and doublet of both SU(2)l and SU(2) R , represented by a and a 
respectively. From the breaking chain 


SU{ 2 ) r x U(1) B -l -> U (l)y 


Hypercharge is given by 


Y = 2 T 3R + {B-L ) 


( 2 . 8 ) 


so that one finds the beautiful LR symmetric electromagnetic charge formula : 


Q — T 3 l + t 3R 


B-L 


2 


(2.9) 
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PS to the MSSM decomposition can be easily achieved using SU(4) decomposition 
(// = /2 + 4, p, — 1, 2, 3) and hypercharge formulae given above. Under the SM gauge 
group (SU(3)c x SU(2 )l x f/(l)y) the 10 plet decomposes as : 

10 = H a ( 1,2,1) + H a { 1,2, -1) + t p (3,1, -|) + ^(3,1, jj) (2.10) 

The H a , Ha contribute to the MSSM doublets while t,t exchange contribute to 
proton decay. Similarly other Higgs irreps are decomposed into the PS labels : 

2(126) = 2^(10,1,3) + 2^„(I0,3,1) + sv (15,2,2) + 1,1) (2.11) 

2(126) = E^flO, 3,1) + E- 4J) (T0,1,3) + £^(15,2,2) + S<“>(6,1,1) (2.12) 

*(210) = *“(15,1,1) + «(1,1,1) + 4^(15,1,3) + 4^(15,3,1) 

+ 4<“V(6,2,2) + *^(10,2,2) + 4^(10,2,2) (2.13) 

e«*(i 2 o) = e«(io, l, i) + efyio, 1 , i) + 0 „,„,"a 5 . 2 , 2 ) 

+ 0^(6,1,3)+ 0W^(6,3,1) + e«*(l, 2,2) (2.14) 

As discussed for 10-plet, all Higgs irreps are decomposed into SM labels. The 
592 (10 + 120 + 126 + 126 + 210) fields in the Higgs sector fall precisely into 26 
different types of SM gauge representations which are labelled by the 26 letters of the 
English alphabet [70] [57]. The decomposition of SO(10) in terms of its “Pati-Salam” 
labels (i.e. the maximal subgroup S77(4) x SU(2)r x SU(2)l) provided a translation 
manual [36] from SO(10) to unitary group labels. Using this technology all the 
invariants of the superpotential are decomposed into PS labels. Decomposition of 
invariants corresponding to 10 + 126 + 126 + 210 are given in [70] [36] and the 
ones involving 120-plet are given in [57]. To illustrate we give decomposition of one 
invariant rjcpTHl 





2.2 Structure 


22 





(2.15) 

+ 2(Sy / v( s )(i ? ).S^^ + E„ A(s)(i) .S (s)(i) ) 

(2.16) 

+ <K£Ws)(-R)-S(s)(.R) _ ^W S )( L ) ' ^(s)(L)) 

(2.17) 

+ i^(-s^^s/ Q % A(s)Q(i + s Ma) s/ a6 0^ (s) ) 

(2.18) 

+ *V2(S S„ A “> MA(s ) Q(i - S^ (a) S/ aa f a f ] ) 

(2.19) 


(2.20) 

o 7 -y uaa (A ) P y^( s ) i y( s ) < mA(s)/3n 

(2.21) 

~ _, * _ -^A(L) 

- 2(B“'<«>^ (s) .E rt * ) + E Hi| « (i] .E ) 

(2.22) 

+ + E^m^.E^*) 

(2.23) 

- 2y2(E;“S*^, + 

(2.24) 

./of j. M a/3y( s )( i? )7yvA(s) . , fi a/3y(s)(L)7y"4s) \ 

(R) ^//A/3 "^(R)7« 4"" Vv (£,) ^-'/iA/3 2 ~‘(L)'ya) 

(2.25) 

1 n*fo( — A Xy(s)(i) , iaa y ^ Py/iX (s) s 

+ r*( a ) ^i/ a ^/.iAa/3 4“ V A a ^ aj){Ry 

(2.26) 

_j_ n-\/S(rh^ WOldi T A /3y( s )(^) _ i «a y ^ /3yM^(«) \i 

(2.27) 


The supermultiplet masses are determined from this decomposition by using sym¬ 
metry breaking VEVs. Mass terms are divided into 3 types- unmixed chiral, mixed 
pure chiral and mixed chiral-gauge 


1. Unmixed chiral are those chiral fermions which transform as SM conjugate 
pairs and form Dirac fermions. In total there are 13 multiplets of this 
type- A[l, 1, ±4], B[ 6, 2, ±§], /[3,1, ±f ], M[ 6,1, ±|], N[ 6,1, t|], 0[1, 3, 

<3[8,3,0], 5[1,3,0], U[ 3,3,±f], U[1,2, T 3], VU[6,3,±§], Y[ 6,2, T |], 

Z[8,1, ±2]. For example A[l, 1,4] and A[l, 1,—4] form a Dirac fermion and 
its mass originate from MSS and using 210 VEV in ?/0SS superpotential 
invariants. 


n[i, i,-4] = 


S 44 (R-) 


A[l,l,4] = 


y44 

Hg+) 

V2 


(2.28) 


First term of Eqns. (2.16), (2.17) and (2.25) will contribute to : 


rriA = 2(M + rj(j> + 3a + 6m)) 


( 2 . 29 ) 
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2. Mixed pure chiral scenario correspond to when we have more than one 
mnltiplet from different SO(IO) Higgs having same SM quantum numbers. 
The model has C[8,2,±l], Z>[3,2,±|], AT[3,1, =F§], L[6,l,±§], P[3,3 ,=f§], 
R[ 8,1, 0], h[ 1, 2, ±1] and t[ 3,1, ©§] multiplets that belong to this category. We 
will give explicit form of h mass matrix when we will discuss the emergence of 
effective MSSM Higgs. 


3. Mixed chiral gauge are the multiplet which mixes among themselves and also 
with gauge particles. These multiplets are named as P[3,2,±|], J[3,l,±|], 
X[3, 2, ©§], F[ 1,1, ±2], G[l, 1, 0]. Mass matrix for E is given by : 


^ —2 (M + r/(a — u)) 
0 
0 
0 
0 

y (ip — iu — 2ia)C, 


0 0 0 0 ( iu — ip + 2m)( ^ 

— 2(M + rj(a — Su)) —2y/2ir)a 2irja igV2a* (— Siu + ip + 2ia)( 

2iy/2r]7r —2(m + X(a — u)) —2y/2Xu 2g(a* — u*) —y/2^a 

—2ir\a —2\/2Aa; —2(m — Xu) y/2g(u* — p*) 

—igy/2cr* 2g(a* — u*) gy/2(u* — p*) 0 0 

(Siu — ip — 2ia)( — \/ 2 £ a crC 0 — (m© + — | puj) J 


Rows and columns are labelled by (Ei,E 2 ,E 3 ,E 4:J E 5 ,Eq) [3,2, —|] © (Ei,E 2 , 
P 3 ,P4,P5,P6)[3,2,|]=(X^,S^,0f^,0p 4a ,Af a ,0ff^ "- (s) 


41 


W2’ 


If) 


3 

dff , ,Arj Q i,0^). 5 th row and column are gaugino contributions. 




pAaV 


As a check, SU (5) irreps mass spectra is generated from above spectra using special 
direction 

p = a = Ecu (2.30) 


of VEVs [57]. The superheavy fields play a crucial role as they provide threshold 
corrections to the unification scale, gauge couplings and Higgs fields etc. that we will 
explain in the subsequent sections and chapters. The complete GUT scale spectrum 
and couplings of NMSGUT have been given in [70] [SB, 5H 72, 73]. 


2.2.3 RG Analysis 

After symmetry breaking large number of fields get mass of order of GUT scale which 
give threshold correction to the gauge couplings [751 EH- In [SB] effect of superheavy 
thresholds on a G (M A -), sin 2 6 W and M x is investigated using Weinberg and Hall 
approach. Alternatively ra one can predict a 3 (Mz) instead of sin 2 9w- Effect 
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of these superheavy thresholds on a%(M z ), a G 1 (Mx ) and log 10 Mx (A G ,A 3 ,Ax) 
is calculated in Hg using precisely measured value of sin 2 9w{M z ). It was shown 
that although there are large number of superheavy fields their spectrum spread 
around gives contribution of both signs so that the sums can be reasonable 
modification of the tree level results. This analysis has disproved the conjecture 
that large number of fields will give huge corrections to the untameable observables 
making Susy SO(IO) unification meaningless [77]. hi [3611571176] mass of the lightest 
vector particle mediating proton decay (A[3, 2, ±|]) is chosen as the matching scale 
(M_v) between the effective MSSM and GUT scale. Relation between the gauge 
couplings of the effective MSSM (of = f^) and GUT (a G ) is given by [75 : , '74] 


1 

Oii(M z ) 


a G (M 


87 t bi In 


M 


x 


x 


M, 


+ 4 *Er“i 


4vrA i(M x ) + (2.31) 


here second and third term represent one-loop and two-loop gauge running 

My 


o \ lv± x 


Xj = 1 + 8'Kbjac(Mx)ln 


My, 


(2.32) 


b i: bij (i, j=l, 2, 3) are the one-loop and two-loop gauge beta function coefficients : 


{ 61 , 62 , 63 } = ^{33/5,1,-3} 


U (167T 2 ) 2 


( 199/25 27/5 88/5 
9/5 25 24 

y 11/5 9 14 J 


(2.33) 


Last term of the Eq. (2.31) represent the leading order effects of superheavy thresh¬ 


olds. In the MS scheme one has : 


2 M v M v M P 

A«(/i) = — — (biv + bi GB ) + 2(6j V + bi GB ) In-1- 2 bi S In-1- 2 bi F In- (2.34) 

21 n n n 

where b v , b s , b F , b GB denote one-loop beta functions of vectors, scalars, fermions and 
goldstone bosons respectively with a sum over heavy mass eigenstates. Corrections 
depend upon the ratio of masses so they are independent of m (mass of 210 -plet), the 
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overall mass scale parameter. Dots (in Eq. 2.31) represent the two loop contribution 


of matter Yukawa couplings. Three equations (Eq. 2.31) are used to determine 


as(Mz), M x and ac(Mx)- The threshold correction [70, 5lj formulae are : 


A<“>(lnM x ) = Al(M *j ~ **[ Mx 

2(0i — 02) 

A x = ^ th \Log w Mx 


M 


x 


= 0.222 + 


+ A (2-loop)m 

_1 GeV' 1 yw l GeV 

5 (b[ - b' 2 ) _ M' 


-Log io 


M 


x 


567T 

A 3 = M th \a 3 (M z )) 

1007t(5i — b 2 )a(Mz) 2 


[(5&i + 3 b 2 - 86 3 ) siir 9 W (M Z ) - 3 (b 2 - 5 3 )] : 


^ ^ ^ijk (Pi bj)X k (- V y ) 


ijk 


.000311667^(55; - 125' 2 + 7 b' 3 ) In 


M' 


M' 


M 


X 


A C = A « h \a- G \M x )) + A( 2 - |o °P)( Q a 1 (M x )) = 

b\ — b- 2 
M' 


L27 +^E«- 5 ^) ln 


M' 


M 


x 


(2.35) 


Here 6' = 167 t 2 5 ' are one-loop ft function coefficients (fp = b r gf) for multiplets with 
mass M' and X t are the leading contributions of the superheavy thresholds mm- 
Using the experimental values 


M z = 91.1876 ± .0021 GeV ; ( a(M z ))~ 1 = 127.918 ± .018 

sin 2 6 W = 0.23122 + .00015 ; m| j()le = 172.7 ± 2.9 GeV (2.36) 


threshold corrections are estimated. Two expressions of Mx = and Mx = 

m\ x — \m/X\gA\a + w\ 2 + 2\p + Cj\ 2 determine m parameter : 


Ax = A (Lo m ^) 

\m\ = Ml 10 +Ax — . ^ GeV (2.37) 

g^/A\a + w\ 2 + 2\p + u\ 2 


where 
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g = v / 4tt( 25.6 + Ac)- 1 (2.38) 

is the threshold corrected SO(IO) gauge coupling. Theory should remain perturba¬ 
tive after including threshold effects and mass of the proton decay mediating gauge 
boson should not be lowered too much so as not to violate experimental bounds. 
These requirements constrain the corrections as : 

- 20.0 < A g = A(q'^Mx)) < 25 
3.0 T Ax = A(LogioMx) A —0.3 
-0.017 < A 3 = a 3 (M z ) < -0.004 (2.39) 

All the superheavy VEVs and hence masses are determined in terms of parameter 
x. Solution of this variable depend upon the superpotential parameters through 
£ = parameter. Threshold corrections are not very sensitive to A, rj, 7,7 as 
shown by scanning the parameter space. Systematic survey of behavior of these 
unification stability monitoring parameters versus x and £ is shown in [70) EH SHj • 


2.2.4 MSSM Higgs 


VEVs p, a, tv, a, a of the multiplets of 210,216,126 Higgs irreps break the gauge 


symmetry to the SM gauge group. 10-plet (see Eq. 2.10) has h[ 1, 2,1] multiplet hav¬ 
ing MSSM Higgs quantum numbers. Similarly other Higgs irreps 210,126,126,120 
also have these multiplets which participate in electroweak symmetry breaking. Six 
such doublets are 


/r (1) 


$441 

a 

71 " 


h (2) = S (1 : 5) 

Oil 



h (3) = £ {1 : 5) 

al 

/i (6 ) = 

al 


(2.40) 


where E^ 1 ^ refer to singlet inside (15,2,2) submultiplet of the 126, 126. h ^ 
comes from ( 10 , 2 , 2 ) of the 210, h^> and h^ refer to the singlet inside the ( 1 , 2 , 2 ) 
and (15,2,2) of 120 submultiplet. Similarly the six doublets which transform as 
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h[ 1,2, —1] are : 

h (1) = H% ; h {2) = E< 16)a ; h {3) = E^ 15)a 

<T)2q 

/i ( 4) = -H- ; h (5) = 0“ ; fr (6) = ©i 15) “ (2.41) 

a/2 2 2 

These doublets mix via a 6 x 6 mass matrix T-L(W = JiHh + ....) 


-M h 

7\/3(<ii — a) 

— 7\/3(a; + a) 

— 7<T 

kp 

— \/3ikuj 

-7^3(0; + a) 

0 

— (2 M + 4 rj(a + u)) 

0 


i(p + 2 oj)C 

7 a/ 3 (oj — a) 

— (2 M + 4p(a — uj)) 

0 

—2r]aVS 


-i(p- 2u)( 

—<77 

—2r\a\f?> 

0 

—2m + 6A (to — a) 

Co- 

\/3*Co- 

pk 

V3<Y 

-a/3o< 


-me 


VSiku 

i(p - 2u)( 

-i(p + 20 C 

— VS i^a 


2 p 

— m©- j-a 


\ 


/ 


Rows and columns of mass matrix are labelled by (hi,h 2 , h 3 , h±, h 5 , h 6 )[l, 2, — 1]© 
(hi, h 2 , h 3 , /i 4 , h 5 , h 6 )[ 1, 2,1], As MSSM is effective theory of the model so one Higgs 
should be light. By tuning the parameters so that DetT-L = 0 one can keep one pair 
of Higgs doublets H^,H^ (defined by left and right null eigenstates of the mass 
matrix %) light. We denote the components of the right (left) null eigenvectors 
as a.i(a.i),i = 1...6, normalized to one and real first component. U and U are the 
unitary transformations 


h = UH ; h = UH 


(2.42) 


which diagonalize 'H^'H and WH) so that WT-LU is diagonal and positive. Since 
Un = on, Un = 6>i, in the Dirac mass matrices of the effective MSSM we can replace 
(hi) —» a.iV u , (hi) —> OLiVd . Thus the “Higgs fractions (a;*, a/” (analytical expressions 
can be found in 0) specify how much the different GUT scale doublets hi, hi 
contribute to the electroweak (EW) symmetry breaking by H = Hp), H = H(i). 


2.2.5 Fermion Masses 

As mentioned the Yukawa couplings of the pairs of bidoublets contained in the 
Higgs set 10 0 126 0 120 give rise to charged fermion masses. Therefore Yukawa 
coupling matrices yi, y u , yd and y u at high scale (M x ) are predicted in terms of 
the Y(ab — hjiBi Yab = f ab and = qab which specify the Yukawa couplings 
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of the 10 , 126,120 to 16 . 16 . For explicit relations of the fermion Dirac masses 
decomposition of 16 ■ 16 ■ (10 © 120 © 126 ) is required, which can be found in [70, 
15Ti| . For illustration we present decomposition of 16 • 16 ■ 10 in terms of the PS and 
the SM labcllcs: 

= hAB^C^J^BHi 

= V2h AB [H,Jfr B . + H^A^aB - H™{r A J a , B + Wa€b)] 

= 2\/2 h AB [ti(eu A d B + Q a L b ) + ti(-Q A Q B + u A e B — d A v B )\ 

— 2\/2h AB h\ [cl A Q B + e A L B \ + 2\[2h AB h\ [u A Q B + u A L B \ (2.43) 

From these invariants one obtains the Yukawa couplings just by replacing the MSSM 
Higgs by corresponding Higgs fractions as 


u ft , 1 , a i a2 

y = (h + f + g) ; rq = — ; r 2 = — 

cxi (y. 2 


y d = (n h + r 2 / + r 6 g) ; r 6 = 


V v = (h - 3/ + (r 5 - 3 )g) ; r 5 = 


oq © iy/Scxa 
cxq © i 


U = (n h - 3r 2 / + (r 5 - 3r 6 )<?) ; r 5 = 


OL g © f \Z3 c^5 

4*-\/3q;5 


01 g © 

= 2igJ^(a 6 + iV3a b ) ; h = 2\[2ha 1 ; / = -iJ^ifa 2 


(2.44) 


By multiplying these Yukawas with electroweak VEVs (v u , v^, tan j3 = —) one can 
get fermion masses. Higgs fractions and SO(10) Yukawas determine MSSM matter 
fermion Yukawas which produce the experimental fermion mass mixing data. To 
generate Majorana masses (Mi/iift) for the left and right handed neutrino we need 
SU(4) 10-plet which contains L = ±2 components, since the lepton number of the 
Majorana mass term is 2. The multiplets having 10 of SU(4) from 210 and 120 
do not have VEVs, thus the only option remaining is (10, l,3)j26 and (10, 3,1)^ 
that can couple to matter bilinear. Majorana mass of the right handed neutrinos is 


determined by the coupling of the neutrino to the 126 : 









2.3 Viable Parameter Space Search 


29 


M P AB = 8 V2f AB a (2.45) 

Majorana mass term and Dirac mass term (which mixes the left and right neutrinos) 
give rise to Type I seesaw contribution by eliminating u A 

W = ^M v ab u a V b + v A m AB v B +. 

W e s = \m^ VaVb + .... 

K'b = (2.46) 

In addition to this there is another contribution to the neutrino mass known as Type 
II seesaw. The Type II neutrino mass is 

M\b = 16 if AB (0-) (2.47) 

where (0_) is SU(2) L triplet VEV (e (10, 3,1)) of 126 whose computation requires 
inspection of relevant terms in the superpotential : 

v 2 

(0_) = (iqv^ai + 2i\Zbr)oi2 - + iV2(a 5 )a 4 -y- (2.48) 

1V1 0 

and Mq = 2 (M + r](3a — pj) is mass of super heavy O multiplet [57]. 


2.3 Viable Parameter Space Search 


With appropriate formulae in hand, next task is to check the compatibility of the 
model with experimental data. FORTRAN and Mathematica codes were developed 
mi for fermion fitting along with viable unification, clectroweak symmetry break¬ 
ing, including Susy threshold corrections and for B-decay calculations, y 2 analysis 
is performed to fit SM mass-mixing data at two scales- GUT scale (M A ) and elec- 
troweak scale ( Mz)■ GUT scale fitting is based upon the random searches of 37 


model parameters (listed in Section 2.2.1 ) and x parameter (which is chosen com¬ 
plex and later the phase of A is fixed to remove this freedom). Mz scale calculations 
involve Susy threshold corrections which require estimation of Susy spectra. Soft 
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Susy breaking Lagrangian is : 


£soft = + m\v)u + rn?~d) d + m|LM + m~ee^ 

+M\H\H d + M 2 h H\H u - ( BH d H u + h. c.) 
A u QuH u + A d QdH d + AilLH d + h. c. 


Mi ~ ~ M2 ~ r ~ , M% 

-^-BB + -yWW + -^gg + h. c. 


(2.49) 


where Q, d, u, e and L are scalar components of Q, d c , u c , e c and L respectively, g, 
W and B are gaugino’s of SU(3), SU(2) and U(l) respectively. SU(2) and generation 
indices are suppressed. Tree level Susy spectrum is presented in the Appendix. The 
soft Susy breaking parameters at the GUT scale (Mx) are described by universal 
soft Susy breaking parameters- mo (universal scalar mass), m 1 (universal gaugino 
mass), and A 0 (dimensionless universal scalar trilinear coupling) and Higgs mass 
parameters (Mfj, M‘V)\ 


2 2 2 2 2 2 
TUq ~ m u — m d “ m l “ m l “ m 0 

M\ = M2 = M3 = mi 

2 

A u — A d — A t = A v = A 0 ; M 2 H ,M 2 R (2.50) 


This scenario is called supergravity non universal Higgs mass (SUGRY-NUHM) 
parameters at GUT scale. Use of non-nniversal Higgs masses is justified as the light 


Higgs of MSSM is a combination of six doublets from 10 , 210 , 120 , 126,126 Higgs 
irreps. In Chapter 6 we will see how RG flow of the soft parameters between Mp and 
M° = 10 16 - 33 GeV can support the NUHM assumptions. Low scale fitting is based 


upon these parameters. Algorithm of the program is represented by a flowchart 2.1 


Task of various functions/subroutine and variables used in the flowchart is discussed 
below: 


1. Parameter Masteriter(miter) represents the number of loop iterations from 
one scale to another, iterl and iter2 are high scale and low scale iteration 
parameters of the search engine. 
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Masteriter= Masteriter+1 


Figure 2.1: Flowchart of FORTRAN search program. 
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2. Subroutine AM0EBA1/AM0EBA2- There are various public available pack¬ 
ages to find minima of non-linear functions. Downhill simplex method of 
Nelder and Mead ra has been used to find the minima of highly non-linear 
function in a multi-dimensional space because it involves function evaluations 
only. It is based upon the n-simplex having n+1 vertices in n-dimensional 
space. The AMOEBA subroutine EZSl contracts, expands and reflects the sim¬ 
plex so as to converge upon (local) minima. AMOEBAl and AMOEBA2 are 
modified versions of general subroutine AMOEBA which perform search in dif¬ 
ferent dimensional space and call separate appropriate functions. AMOEBAl 
is used for GUT scale parameter search while AMOEBA2 is used for low scale 
searches. 


3. Subroutine GUTTHRESH does the calculations discussed in the Section 12.2.21 


and 2.2.3 First of all it calculates the super heavy spectrum. Then effect of 
threshold correction to unification stability monitoring parameter is checked 
and overall mass scale m parameter is fixed. Then coefficients of d=5 proton 
decay LLLL and RRRR operator are calculated HDJETj. It contains penalties 


to get A g, A 3 and Ax within the required range (see Eq. 2.39). It provides 
Ag, A 3 , Ax and m parameters as output. 

4. Function FUNKFERM- It calculates x'x value by comparing model predicted 
values with target (which is run up SM experimental mass mixing data). For a 
given set of values of superpotential parameters and Yukawa couplings, fermion 


Yukawas are calculated using Eq. (2.44). Then it calculates the eigenvalues 


and mixing angles in quark and lepton sector. After that 


2 _^,(o-o i y 


Xx ~ 


E 


so. 


(2.51) 


fitting of SM mass mixing data (18 parameters) is done. 50i is an estimate 
of the uncertainty in the GUT scale value based upon extrapolation of uncer¬ 
tainty at the measured scale (see e.g. ESI). O and O are experimental and 
model predicted values respectively. Here the sum (z) run over the Yukawa 
couplings (9), quark and lepton mixing angle, CKM phase and neutrino mass 
square differences. This function returns argument funk (Xx)- 
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5. Subroutine PMX2PS uses two-loop MSSM renormalization group equations 
[80, [8T] to run the hard (Yukawa and gauge coupling) and soft parameters 
from GUT scale to electroweak scale and vice versa. 


6 . Function FUNKTUNE does M z scale calculations. Main task of this function 
is to perform low scale fermion fitting. Fitting of y^ and y s require inclusion of 
Susy threshold corrections and which further require Susy spectrum estima¬ 
tion. Yukawa couplings, gauge couplings, scalar masses and gaugino masses at 
M z are input of this subroutine. Tree level Susy spectrum is calculated using 
SPheno subroutine (Susy spectrum code) R2| TreeMassesMSSM. Penalties are 
imposed to get positive (and above some lower limit) squark and slepton mass 
square parameter. Higgs mass is computed using one loop effective poten¬ 
tial. p and B parameters are calculated using one loop electroweak symmetry 
breaking conditions and the run down values of the Higgs mass parameters at 
M z . 


p 

B 



—) tan f3 — (M 2 ff -) cot [3 j — Mf 

v 2 up J 

- ( M R~^))- M z ^n 2/3 


(2.52) 


where 1 12 are tadpoles of the effective potential, calculated using a SPheno 
subroutine based on the formulae of [53]. These can be extrapolated back 
to Ml to find p and B at M\ since the RGEs of the other soft masses are 
independent of these. Both p and B are assumed real and positive. Ma 
(pseudo-scalar mass) is calculated using the above one-loop corrected value of 
B parameter 


M\ = 


2 B 
sin 2 $ 


(2.53) 


Tree level spectrum is again calculated using updated value of p and B param¬ 
eter. Susy threshold corrections to the Yukawa couplings are calculated. Then 
using off-diagonal run down values of Yukawas, tree level spectra is calculated 
to verify that ignoring generation mixing does not make much difference. Aim 
is to find the suitable set of soft parameters which give appropriate corrections 
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to the NMSGUT run down Yukawas to fit them with the SM data. Following 
penalties are imposed upon soft parameters 153 : 

l >0.9 ; |m 4 iM /M 3 | > 0.75 ; Af 4 ,j > 500 GeV 

p,\A 0 \ < 150 TeV ; up H ± > 200 GeV 
W : 200 GeV < M 2 (M Z ) < 1000.0 GeV 

g : 500 GeV < M 3 (M Z ) < 1000.0 GeV (2.54) 

Higgs mass measurements are available since December 2011, in [57] SM Higgs 
was required to be heavier than 114 GeV (LEP limit) and the Bino lighter than 
the lightest sfcrmion. Susy threshold corrected run down Yukawas values are 
compared with SM Yukawa via a Xz- 


i 


.MSSM \ 2 

w) 


(2.55) 


Here y¥ SSM are threshold corrected Yukawas. This function returns Xz- 
AMOEBA2 subroutine uses this function and calculates its value at each ver¬ 
tex of the simplex. 


Program starts with the GUT scale searches. It requires target extrapolated SM 
data. Using two loop RGEs of MSSM [j8D] IS], central fermion experimental data 
(Yukawa + neutrino mass difference and (quark, lepton sector) mixing data) is 
extrapolated to one loop unification scale MY= 10 16 ' 33 GeV ignoring right handed 
neutrino thresholds and assuming normal hierarchy for left handed neutrino masses 
(neutrino mass splitting is calculated from extrapolated coefficient of d=5 oper¬ 
ator 0 EU). At Mx canonical parameters are extracted which serves as target 
for model calculations. This target hie and two other input hies having random 
set of NMSGUT superpotential couplings and SUGRY-NUHM parameters are pro¬ 
vided. To start with, the value of variable bestfunk (whose role will be explained 
later) is hxed along with the initialization of many other parameters. In a downhill 
simplex method one needs to provide the initial vertex of simplex around which 
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it starts searching in the parameter space. Random input provided is that initial 
vertex. With slight random changes from this point all the vertices of the simplex 
are generated. At each vertex of simplex GUTTHRESH calculations and function 
FUNKFERM is calculated. AMOEBAl subroutine also calls GUTTHRESH and 
function FUNKFERM for viable unification and function evaluations and it com¬ 
pares the value of funk at each vertex and select the one with minimum funk. If 
calculated funk at that point is less than or equal to initial bestfunk value then it 
replaces that parameter set in the input hie. In the next iteration it start searching 
around that point. If the lowest funk value is more than the initial bestfunk then in 
the next iteration program starts searching around the old point, but as the vertices 
of simplex are randomly generated so simplex will be different from the earlier one. 
Once all the iterations at high scale are completed set of hard parameters (Yukawa 
and gauge couplings) at GUT scale is obtained. 

Then program starts searching for soft parameters. It reads initially provided 
random SUGRY-NUHM parameters and generates simplex as discussed for GUT 
scale searches. Notice that now simplex dimensionality is different. Using MSSM 
RGEs, the diagonal Yukawa couplings and scalar masses are run down to M z scale. 
With the fixed value of hard couplings and random soft couplings, program calls 
FUNKTUNE at each vertex of simplex and calculates Xz- Again like M x scale, 
AMOEBA2 select the point with minimum value of and compare that with 
the initially chosen besttune value. Soft parameter input is replaced if the selected 
point is better than initially provided. After completing all the low scale iterations, 
program provides a set of SUGRY-NUHM parameters. Then new target set of 
(Susy threshold) corrected MSSM couplings is provided for next iteration high scale 
calculations. Procedure is repeated Masteriter number of times to get reasonable 
fitting of MSSM data at high and low scale. At the end the program prints bestfunk 
and besttune value representing \x, Xz and stores corresponding parameters in the 
input/output hies. 
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2.4 Distinct Predictions 

2.4.1 Normal s-hierarchy 

NMSGUT fits [57] prefer large negative values of Higgs mass squared soft parameters 
Mff g ~ (100 TeV) 2 . One loop j3 function of scalar’s soft mass RGEs contains terms 
proportional to M H gYjYf. Due to the large third generation Yukawa couplings, this 
term dominates for the third generation evolution and their masses evolve to large 
values compared to the Erst and second generation. So the model predicts normal 
s-hierarchy opposite to the common wisdom. The RG flow of Yukawa coupling and 
scalar masses exhibiting this behaviour is given in [85]. 

2.4.2 Large Aq and (i Parameter 


If only 10 and 120-plet fit charged fermion masses with 126 Yukawa coupling (/ ab ) 
chosen tiny the NMSGUT can only generate ^(My) values which are smaller by 
a factor of 3-5 than the extrapolated values of SM Yukawas at M\. Therefore SM 
down and strange quark Yukawa require lowering by a factor of 5 to fit these with 
run down values of Yukawas. This lowering is achieved by large tan [3 (preferred by 
SO(IO) GUTs for third generation Yukawa unification ) driven threshold corrections 
which require specified soft Susy breaking parameters m Gluino contribution is 
a dominant one loop correction which is proportional to Susy breaking parameter 
/i, so large y parameter provides significant Susy threshold corrections to yd and y s 
to match it with GUT renormalized value down to Mz scale. For third generation, 
bottom quark, slight raising is required, so Susy threshold corrections should not 
change it too much. This cancellation can be achieved by large A 0 (soft trilinear 
couplings) parameter. After the Higgs discovery large A 0 is favoured in Susy-GUTs 
for Higgs mass of 126 GeV [86J. Heavy third s-generation and large Ao raise the tree 
level Higgs mass from 91 GeV to 126 GeV. 
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2.4.3 Bino LSP and Light Smuon 

Solutions found have pure Bino LSP and the light charginos are pure Winos. A 
striking feature is that there are solutions with next to LSP (NLSP) as light smuon 
which can generate a significant corrections to the muon g-2 and thus remove the 
observed anomaly a y ~ 1CB 9 . Moreover a light smuon provides DM co-annihilation 
channel to get the acceptable relic density. 


2.5 Discussion 

NMSGUT superpotential parameter and SUGRY-NUHM type soft supersymmetry 
breaking parameters {m 0 , mi/ 2 , A 0 , B , M 2 H g] along with ji specified at the MSSM 
one loop unification scale M\ = 10 16 ' 33 GeV can fit the fermion mass mixing data 
as shown in [101 EZJ. The parameter {m 0 , mi/ 2 , A 0 , M 2 H g] are randomly chosen 
by the search program while /i and B are fixed from electroweak symmetry break¬ 
ing conditions. Moreover the constraints from fermion fitting are combined with 
the requirements of unification as well as electroweak symmetry breaking condi¬ 
tions. Solution sets presented in [ST] have large proton decay rates of order of 1CP 2 ' 
yrs -1 . However optimized search with respect to baryon decay, including GUT scale 
threshold correction will be discussed in the next chapter. 

Among the superpotential parameters (largest of all elements of Yukawas- 
h, f,g) is crucial for fitting fermion mass-mixing data, it alone can fit third gener¬ 
ation within 5% error. Next relevant parameter is < 723 - Iab is irrelevant for charge 
fermion masses and its small value is crucial for neutrino masses as it enhances 
Type 1 and suppress Type II seesaw contribution. Fits yield right handed neutrino 
mass in 10 8 - 10 13 GeV range which is compatible with leptogenesis. Heavy right 
handed neutrino and small Jab generates neutrino masses of order of meV. Fermion 
Yukawas obey b — r unification {\ v y b Z u y T I ~ 1) noted in [8T1I881 89[Enil9lJ based upon 
the 10 — 120-plet FM Higgs system. I 11 most of solutions, superheavy thresholds 
raise unification scale Mx closer to Mp. Superheavy spectrum varies from 10 15 GeV 
to 10 19 GeV. 

In addition to the superpotential couplings, tan/3 is also a crucial parameter 
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for realistic fermion mass generation by the GUT Yukawas. For third generation 
Yukawa unification (y t ~ y\, ~ y T ), NMSGUT prefer large tan j3 (~ 50). As discussed 
in EH large tan (3 driven Susy threshold corrections provides a route for successful 
fitting of fermion masses at Mz- Fermion fitting and experiment compatible MSSM 
Higgs mass require decoupled/mini-split Susy spectrum |86l I92j : M \ H p ~ 100 
TeV, heavy CP-odd Higgs Ma , large y and trilinear coupling A 0 , light gaugino (< 1 
TeV) with pure Bino as LSP, normal s-hierarchy with mj 3 ~ 50 TeV and degenerate 
first two generations. With this kind of soft spectrum gaugino mass deviate from 
the Susy-GUT ratio 1:2:7 operative at one loop level. Fits prefer large Aq and y 
parameter ~ 100 TeV which suppress flavour changing neutral current processes and 
avoid problem with charge and color breaking/unbounded from below vacua [ 93] . 

Besides realistic B-decay rates, other improvements in the fitting programs 
which are part of the thesis are loop corrected Susy spectrum, inclusion of right 
handed neutrino thresholds for LFV estimation and to consider the effect of soft 
parameter RG running from Mp to M\. This will be discussed in Chapter 4, 5 and 
6 respectively. 
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Appendix: MSSM Tree Level Spectrum 


The MSSM is an effective theory of NMSGUT. Its particle content is given in the 
Table 0 and corresponding superpotential and soft Lagrangian (£ soft ) are given by 
Eq. (|1.8[) and (2.49) respectively. Here we discuss tree level spectrum of the MSSM. 


Sparticle Masses 

Squark and slepton mass term in the Lagrangian is given by 

£ ”V =~l (D f«)M} HH (2.56) 


where / represents u, d, l and u. Mass matrices are : 


Ml = 


m\ S^)M 2 z C 2 fi 73(^1 A - /xY e v 2 ) 


73(^1 A e - (/jY e )*v 2 ) rrij + m 2 e - S^M%C- 


2/3, 


(2.57) 


M, = 


m\ + \M 2 z C 2j3 0 


(2.58) 


M 2 = 

±V± U 


m l + m u l S w) M Z C 2P ^( V 2 A *u - V Y uVl) 

73(^2 A u - (/jY u )*v 1 ) ml + m 2 u + § S^M z C 2 p j 


(2.59) 


M 2 = 

a 


m2 Q + m d - (I - \ s w) M z c W 71(^1 A *d - d Y dV 2 ) 

M( Vl H d - {fjY d )*v 2 ) m 2 - + m 2 d - \S^M 2 C 2fi/ 


(2.60) 


S w = sin 6 W 


C 2 /3 = cos 2/3 


Here m|, mj~, ml, m ^ and m 2 are soft mass parameters. Af, Yj and mj are the 
soft trilincar couplings, fermion Yukawa couplings and masses. Tree level sparticle 
masses are obtained by diagonalizing above (Hermitian) mass matrices via unitary 
transformations 


U u M?U* = Al ; tVWjt/] = Aj 


(2.61) 
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U e M~Ul — A- ; U u M~Ul — A- (2.62) 

where A?, A|, A? and A? are positive definite mass square parameter. 

Higgs Masses 

Physical Higgs particles of the MSSM are : CP-odd neutral A, CP-even h and H , 
and charged Higgs H ± . Masses of these particles can be computed from Ma( and 
tan/3) which itself is determined from B parameter : 

Ma = B (tan (3 + cot /3) (2.63) 

B is calculated using EW symmetry breaking conditions. 

K, b = \(M\ + Ml ± V /(AQ + Afi) 2 -4M1M|C| (J ) (2.64) 

M 2 h± = M\ + (2.65) 

Gaugino and Higgsino Masses 

Gauginos and Higgsino mix to form chargino and neutralino eigenstates. 

^chargino = — X My+X + h.c. (2.66) 

A + = H^ + , K) T x = H^) T 

^neutralino = — 7 /X x°X + h.c. (2.67) 

X° = (-iB, -iW 3 , H d , H u ) t 

Here H, W 3 , Hd and H u are Bino, Wino and Higgs components. Neutralino and 
chargino mass matrices are obtained from £ so ft, Ant (matter-gauge-Higgs) and su¬ 
perpotential : 
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M x + — 


M 2 \/2 M w sin [3 
\/2M w cos /3 n 


( 


M x = 


-M z cos !3S W M z sin /3S W 


\ 


M, 0 

0 M2 M z cos/ 3 Cw — M z sin f 3 Cw 

—M z cos /3Sw M z cos fiCw 0 p 

y M z sin j3S w —M z sin j3C w —/j 0 y 

Matrices A4^± and are diagonalized to get masses : 


( 2 . 68 ) 


(2.69) 


UiM x ±U+ = A 


c 


N^M x oN = A 


AT 


(2.70) 


Here f/_, f/ + and IV are unitary matrices and Ac, A n are positive definite masses. 




Chapter 3 


Baryon Decay and GUT Scale 
Threshold Corrections 


3.1 Introduction 


GUTs place quarks and leptons in common irreducible representations. Quarks 
can transform into leptons by exchanging gauge and Higgs leptoquarks, thus GUTs 
predict baryon violating processes such as proton decay e.g. (p —» 7r°e + ). However 
non observation of proton decay has put a stringent lower limit p2j on its life time 

r(p -> e + 7r°) > 8.2 x 10 33 yrs 


r(p ->■ K + v ) > 2.3 x 10 33 yrs 

and this contradicts the simplest models. Hence one must investigate more refined 
models, among which the most appealing are supersymmetric GUTs. In Susy GUTs 
B and L are violated by the exchange of superheavy color triplets. In SO(IO) GUTs, 
B-L is preserved by all the vertices since it is part of gauge symmetry. Gauge 
mediated dimension 6 operator proton decay rate is estimated as 


T « 

1 p 


®GUT m p 

~w~ 


(3.1) 
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Here Mg is mass of superheavy gauge boson. Even with Mg 10 16 - 25 GeV this 
gives t p ~ 10 36 yrs. Threshold corrections can raise the unification scale near to the 
Planck scale so this contribution can be even more strongly suppressed. R-parity 
forbids fast d=4 baryon number violating operators. The remaining contribution is 
d=5 operators (involving two fermion and two scalars exchanging triplet Higgsino). 
Scalars are converted into fermions via gaugino or higgsino dressing [95]|96, 97 ] • In 
Susy GUTs dimension 5 operators thus give leading contribution to proton decay 
[98, ! 99] as these are suppressed only by Mh I Is —, where Mu is the mass of triplet 
Higgsino. Experimental limits put the stringent constraint on the model parameters 
[100] , In this chapter we will investigate d=5 operator baryon decay and uncover a 
generic and natural mechanism to suppress these. 


3.2 Dimension 5, Baryon Decay Operators 

SO(IO) Yukawa interaction include many superheavy Higgs-fcrmion interactions. 
By using the superpotential equations of motion for the heavy fields (just as we 
eliminate W ± ,Z to get the Fermi effective theory of weak interactions from the 
SM), we obtain two types of d=5 operator which lead to proton decay. The effective 
superpotential has generic form : 

= — L ABC d(^Q aQ bQ C L d) — RABCD^AUBUcdo) (3.2) 

where the first and second term represent contribution of SU(2) L doublets and sin¬ 
glets, therefore are called LLLL and RRRR operator respectively. In NMSGUT 10 , 
126 and 120 irreps have t[ 3,1, ±|] ©P[3, 3, ±|] © A'[3,1, ±|] multiplets that couple 
to fermion and violate B+L. From PS decomposition of the relevant superpotential 
invariants Labcd and Rabcd are obtained mmm 


J ABCD 


— S\ l hABhcD + S^flABfcD + fAB^CD + S^IabIcD ~ S^flABQCD 


— S 2 6 Iab9cd + V2(V 1 ) 2 1 9AcfBD ~ (V 1 )‘2 9 ac9bd (3.3) 
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and 



V2(K. 1 ) 1 2 Jad9bc ~ 1 )2 9ad9bc 


(3.4) 


where S = T x , T is t[ 3, 1 , ±2/3] multiplets mass matrix and 


hAB — 2 v / 2 h J 4 s ; f ab — ^V2/ab ; 9ab — 4 gAB 


(3.5) 


where a, /3 and 7 are the colour indices and 517(2) indices are suppressed. Different 
Susy GUTs will furnish different coefficient arrays Labcd , Rabcd and the task is to 
convert this information together with the assumptions for the soft Susy breaking 


terms (till the superpartners are discovered) into predictions for the baryon decay 


rate into different channels. 

3.3 Baryon Decay Rate 

We calculate proton decay rates due to d=5 (A B = ±1) operators using formulas 
of [953. As a check we compare the result calculated by using the formalism of [95] 
separately and verify they are the same. The calculation of baryon decay rates is 
done in steps as follows. 

• Firstly one has to renormalize the 2 x 3 4 = 162 component arrays Labcd 
and Rabcd from M x down to M s ~ M z using the MSSM RG equations 
supplemented by the RGEs for the coefficients Labcd,Rabcd • The RGE for 
Labcd PSJ is 



+(YJy; + YjYZ) aa .L a , bcd (Y u TY: + YjY d *) bb'L ab > cd 
+(YjY,: + YjY" d ) cc'Lbbcd + (if >7) dd'L abcd , (3.6) 
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a 


Figure 3.1: Gluino dressing 


It is easy to see that last four terms correspond to SU( 2) invariant corrections 
to the three Ql and one Ll external lines of the LLLL operator by a loop 
involving Higgs exchange while the first term counts the dressing by gauge 
particle exchange on an external line. A similar equation governs the RRRR 
evolution [95] . In the combined system of the MSSM, soft Susy, LLLL and 
RRRR- 447 RGEs must be integrated down from the scale Mx to Mz- Below 
that scale one has to treat fermions and bosons differently and thus one must 
pass to a component field description (instead of superfield). 

• Next the d=4 superpotential is converted into the d=5 effective Lagrangian at 
Mz involving 2 scalar and 2 fermion fields. In order to determine the effective 
Lagrangian that governs the nucleon decay we must evaluate the dressing 
diagrams that convert the two scalar (A) fields into the corresponding fcrmi 
fields by exchange of a gluino, chargino or neutralino field. For example gluino 
exchange is governed by the diagrams shown in Fig |3.1[ Calculation of a 1-loop 
diagram is simplified by assuming that the momenta of the external fermion 
lines are negligible compared to superpartner masses. It is clear that in order 
to calculate the loop we must write the Lagrangian in the mass diagonal basis 
so that the propagators can be easily inserted. Thus we not only diagonalize 
the 3x3 Yukawa coupling matrices by the usual binnitary transformations. 


fweak ^ fn 


fweak = V/„ 


(3.7) 
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but also diagonalize the 6x6 charged sfermion mass squared matrices given 
in the Appendix of Chapter 2. These are written in the weak basis (denoted 
by hat on F) 

(. fj) T = F ( 3 - 8 ) 

or the mass diagonal basis 

C = -F M 2 p F = —F^A p F ; F = U P F (3.9) 


where A 2 ~ is diagonal positive definite. Similarly one must also diagonalize the 
4x4 neutralino and 2x2 chargino mass matrix by means of a symmetric 
unitary (N) and a binnitary ( U + , U~) transformations respectively. Due to 
the diagonalization the Yukawa couplings in the theory when rewritten in the 
mass diagonal basis become quite complicated. 

• The superpotential 

W = 01020304 (3.10) 

will yield 2 fermion, 2 scalar terms in the Lagrangian : 


C 


1 

2 




+ permutations 


(3.11) 


So from W AB=±1 , one obtain the following d=5 terms: 


£5 = eaUCiudulL^u^iul^ + C\udul R ) MNi2 u a M d b N {u c Ri l Rj ) 
+C(ulud L ) MN ^u%l N (u b Li d c Lj ) + C(ulud R ) MN ^u%l N (u b Ri d c Rj ) 
+C(duud L ) M ^dl I D i (u b Lj dl k )} (3.12) 


We have mentioned the coefficients corresponding to channel: proton decays 
into the charged lepton. Contribution for the other decay channels can be 
found in [95], Here a, b and c are SU(3) fundamental indices. Subscript L 
and R represent fermion chirality. The coefficients C(f f f"f") are defined in 
terms of Labcd and Rabcd as follows: 
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C(udul L ) Mm1 - J2 (L ABCD - L CBAD )(Ui) A M (Ul) B N (Ul)yu' e )i 

A,B,C,D= 1 

C(dvnd L ) m ‘“ = - fi (L abcd - L CBAD )(Ul)c M (Ul)‘(U' u )’(Ul) A k 

A,B,C,D=1 

C(uiud. L ) MNl1 = - J2 ( L ABCD - L CBAD )(Ul)c' r (Uj)y (Ul) A (Ul) B 

A,B,C,D=1 

C(udul„) Mm > = -2 £ fl 4BOT (C/]) c '? 3 (^) I >+ 3 (K , )B(V; , )i 

A,B,C,D=1 

3 


C(utud R ) Mm > = -2 5] fi- 4BCD (^) B + 3 (^)A+ S (K!)c(K i t )D i (3-13) 

A ,_ B , C , D =1 

Here the indices M, N, i, j, k run from 1 to 3 and Uj, Uf, Vf are the unitary 
matrices which diagonalize scalars and fermions respectively. 

• After redefining the fields to diagonalize the mass matrices, we can write the 
interaction Lagrangian in mass basis. The quark (lepton)-squark (slcpton)- 
gaugino/higgsino (gluino, chargino and neutralino) interaction terms are given 
by: 


C 


gauge—Yukawa 


^int(^) + ^int(X ± ) + £int(X°) 


(3.14) 


£\nt(g) = -iXg^d^g 


XX P L + frgy Pr 


gL 


■i \Plgya ' g 


-*r- 


r S)/L+(r 


(“)V p 

9 r)X r 


Uj T h. c. (3.15) 


^int(X d 


= 9 2 % 

+.92X, 

+.92X, 

+92X a 


r^X J p L + (r^Y p R 


CL , I 

<u)\ a i 

cl) I 

<l) \ aj 

CL 1 . 

/ l 

aj 


Pl + (hir p R 


P L + {T r )S 3 P , 


djU 




cr 1 . 4 R 

l 


Ujd 




*T 


- + ' r %l) p L uji* 1 + h. c. 


(3.16) 
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A„.(x°) = ai& [( r ;?i)° J Pl + (41)“’ Pn d,d" 

+S 2 I& (41) Pl + (41)/' P R UjV." 

+924 (4l)/4l + (41)) j -p r g- 1 

+924(41)“4 i 9 J 9-‘ + h.c. (3.17) 

where Pl/r = ^(1 T 7s), 92 and g 3 are gauge couplings of SU(2) and SU(3) 
respectively, / = 1, 2, • • ■ 6- represents squarks and charged slcptons, i,j, k = 
1,2,3 refer to fermions and sneutrinos, a (= 1,2) and a (= 1,2,3,4) denote 
chargino and neutralino. Mixing factors (rs) involve unitary matrices Uj, Uf , 
Vf,U± and N which diagonalize scalars, fermion (bi-unitary transformations), 
chargino and neutralino mass matrices. 




3.3 Baryon Decay Rate 


50 



The gluino mass matrix does not need diagonalization so one can evaluate the 
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diagram in Fig 3.1 to give a contribution to £ e // 




l 


(d) 




M 


X H (l/'TV i dM^^-abcij^ljd]^^) {j^dLk) 


(3.21) 


Here the function H(un, cIm ) arises from the standard loop integration, having 
form : 


H{x,y) = 


x — y \ x 


x log x y log y 


y 


(3.22) 


and the arguments of loop function H are Susy particle mass squared ratios: 


m- 


m:~ 


a _ d M ~ _ " " u M 

% — ; , r9 Um — 


Mi 


Mi 


(3.23) 


After calculating one-loop (gluino, neutralino and chargino) dressing diagrams, 
effective Lagrangian containing four-fermi interaction terms relevant to the 
proton decay into charged lepton channels is given by: 


C 


AB^O 


e abc {C LL (udul) ik (u a L d b Ll )(u c L l L k ) + C RL (udul) ik (u a R d b Ri )(u c L l Lk ) 


ik (.,a jb 


(47r) 


+C LR (udul) ik (u a L d b Li )(u c R l Rk ) + C RR (uduiy k (u a R d b Rl )(u c R l Rk )} (3.24) 


ik ( n a 


C coefficients can be found in [95] . 

• Finally matrix elements of the four Fermi operators involving quark and lepton 
fields must be evaluated between the baryon and meson initial and final states 
to obtain the amplitude for baryon decay in any channel (e.g. p—)• e + 7T°). 
Chiral Lagrangian technique HOB is used to convert the effective quark La¬ 
grangian to the effective hadronic Lagrangian. Then partial decay widths of 
the nucleon are given as 


nrii 
32 n 




Aijk 


+ 




F (Bj. —> Mjl k ) 


2 


(3.25) 


















3.4 GUT Scale Threshold Corrections 


52 


where rrii and mj are the masses of baryon and meson respectively. f n is 
the pion decay constant having value 139 MeV. A factor of AL ong ps .22 is 
used to take into account the renormalization from Mz to 1 GeV. The explicit 
expressions for (defined in terms of C coefficients) can be found in [95] 

As shown in EH using the tree level Yukawas successful fitting of fermion mass mix¬ 
ing data is obtained in the NMSGUT but proton life time is 6-7 order of magnitude 
smaller than the experimental limit. In the literature particular textures of Yukawa 
couplings and discrete symmetries are considered to suppress fast B-decay rates [58] • 
In the next section we will discuss a generic mechanism to suppress fast B-decay 
rates in Susy-GUTs. 


3.4 GUT Scale Threshold Corrections 

We have computed one-loop GUT scale threshold correction to a Yukawa coupling 
of matter held due to heavy fields running in self energy loops on lines leading 
into the Yukawa vertex when the external light Higgs comes from any of the 6 
possible components EH using technique of [102] , These threshold corrections are 
very significant due to the large Higgs representation used and also play a crucial 
role in obtaining parameter sets compatible with constraints on B violation. 

3.4.1 Formalism 

In supersymmetric theories, non-renormalization theorem i 103 implies that super¬ 
potential couplings are modified only by wave function renormalization. We have 
calculated the large number of the NMSGUT Yukawa vertices that couple light 
fermions and Higgs held. To calculate corrections we need to move into the basis 
where mass matrices of heavy helds are diagonal. We can redehne heavy held $ to 
diagonalize the mass term in the superpotential 

$ = U^W ; $ = => ¥ T M<h = W T M d iag $' 


(3.26) 
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Matter Yukawa vertices : 


- -*■- 



Figure 3.2: Loop corrections to fermion, antifermion and Higgs line 


C = [fjY f fH f } F + h.c. + .... 


(3.27) 


As shown in Fig ]3.2| heavy superfields can circulate on any of the three chiral super¬ 
fields which give wave function renormalization in the kinetic terms : 


C 


Y.Ta(Zj)a!b + !\ (Z s ) b a Sb) + H<Z„H + h'ZjjH 

- A,B 


D 


+ •• 


(3.28) 


Here A, B=l, 2, 3 are the generation indices and H and H are the MSSM light 
Higgs doublets. Light Higgs fields are the combinations of all the heavy Higgs h n 
1=1...6 fields of GUT 


H = J2 a *hi ; H = ^d*hi (3.29) 

i i 

Here ccj and oti are the Higgs fractions which describe the contribution of different 
Higgs fields to light Higgs and are first columns of the unitary matrices which di¬ 
agonalize the Higgs mass matrix. One needs to define a new basis to write kinetic 
terms of light matter and Higgs fields in canonical form as : 

/ = U Zf A z jf = U Zf f ; / = U Zf A~*f = Uzjl 
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H = 


H 



H = 


H 



(3.30) 


Here Uz f , Uzj are the unitary matrices that diagonalize Zfj to positive definite 
form A fj. Then 


£ = 


L A 


(?Ja + f\h) + H'H + HH 


J D 


+ {t T Y,fH I } F + h.c. + .. (3,31) 


As a result the MSSM Yukawa couplings in terms of the tree level (SO(IO) deter¬ 
mined) Yukawas change as 


_i T Y f — i ~ T Y f 

Yf = A z wJ,^Lf/ z ,A z ; = u t Z! ^l=u, 






H 


f 


V rz - 


(3.32) 


H 


f 


Generic form of correction factor for any chiral field <3>j is (Z — 1 — 1C) : 


>4 = -||lE«'«i F ( m «' m ‘) + < 3 - 33 ) 

a kl 

Here first term is the contribution of coupling of <f>j to gauge field (A M ) in 

£ = gioQ < ik'iJjl'y IJ 'A fJ a 'ijj k (g w is SO(IO) gauge coupling) and second term is Yukawa 
contribution (W = 4^^$^$^$^,). F is symmetric Passarino-Veltman loop function. 
When both the fields running in the loop are heavy fields then F(mi,m, 2 ) has the 
form 


1 AT 2 M 2 

Fn(M A , M b ,Q ) = _ (Ml In - M% In ) - 1 (3,34) 


which reduces to just 


M 2 

F n (M A , Q) = F 12 (M a , 0, Q) = In - 1 


(3.35) 


when one field is light (Mg —> 0). One should avoid the sum over light index when 
both the fields running in the loop are Higgs fields. 
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3.4.2 Explicit Form of Correction Factors 

In the NMSGUT, right handed neutrino Majorana masses are 3-4 order of magni¬ 
tude smaller than the GUT scale. Therefore while calculating GUT scale threshold 
correction to the Yukawa coupling we treat right handed neutrino as light parti¬ 
cle like other SM fermions. The calculation for the corrections to the light Higgs 
doublet lines H, H is much more complicated than the matter lines since these are 
mixtures of pairs of doublets from the 10 , 120(2 pairs), 126 , 126 , 210 SO(IO) Higgs 
multiplets: 

H = (V H )*h ■ H=(U H fh (3.36) 

Here V H and U H are the unitary matrices which diagonalize Higgs mass matrix (TL). 
The couplings of the GUT held doublets h a , h a , = 1, 2...6 to various pairs of the 26 
different MSSM irrep-types (labelled conveniently by the letters of the alphabet : see 
1ZQIE3) that occur in this theory is worked out using the technology [36] of SO(IO) 
decomposition via the PS group. There are again precisely 26 different combinations 
of GUT multiplets (labelled by the letter pairs for irreps) which can combine to give 
operators that can form singlets with the MSSM H[ 1, 2,1] (their conjugates gave 
singlets with H[ 1, 2, —1]). Then we get 

(16tt 2 )/Ch = 3 Kj£> + 8A R c + 9K x p + Kvf + 3 K e j + 9Kp E + 6A^m + ,}> Kxf 
+3A pi + 24Aq£ + 3A T £ + 9 K y i + 18K W § + 8K C z + 9K E p 
+9 &ud + 3 A ho + A yA + 3K K x + A H f + 6 A N y + 18Ay^ 

+3K V o + 6A 1 L b + 3 K S h + Kgh (3.37) 

To illustrate the correction factor from the JD channel on Higgs line is given by: 


d(J)d(D) 

k jd = 


a=l a'=l 


1 ttJttD i —,t r J t tF) i 7 t rJ ttD ^ i/JttD \y 


iVj a u? a , - -jJ&uiZ, + wx, + -jfXa' - 


H 

11 


c - vlug, + \J\KViu°)jv£+( K -j=c,viuZ, 
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-^ l V j U d + ^-V j U d 

^ V 2a U 3a'^ ^ V 2a U 2a' 


i vv£u& )V 3 “-l f V£U& + 4VV&U& 


rH 


l P\rJ ttD 


rj ttD 


+iKViUg. + 2C V£U£ ] V "+ 


JrrD 


rH 


w 

3\/2 


c 


v 3 J a u 3 D a , - -^vluS, - vlu? 


C 


y/2 


3a ^ 2a' 


V2 


3a 1-7 la' 


Vlug, ) V ei 


3^ 


H 


F 12 (m a ,m a ,,Q) 


-2 g 


10 


-2 i 


-A 


, yU*ytl | y]J* y 
V\n! V 9A ' V 9.n.' V ' V Rn.' V 6. 


D*jrH 


V3\ 


rD*irH 


la' ' 21 


2a' '31 


3a' '61 


F 12 (m Xj ,m%,Q) 


V H 

'51 


V2p 


(3.38) 


It has both Yukawa (first five lines) and gauge (last line) contribution. V and U 
(with subscript J, D or H ) are the unitary matrices which diagonalize the mass 
matrix of the respective multiplet. Indices a and a' represent the multiplicity of J 
and D multiplet respectively. In the Appendix we give explicit formulae for the Higgs 
correction factoiQ The corrections for the fermion lines can be found in | 65l Il04j . 


3.5 Threshold Effects on r^f^° 

As discussed SO(IO) Yukawa couplings (h, /, g ) and heavy masses Mi determine 
both fermion masses and coefficient of d=5 baryon decay operator 

LABCD({h, g, f }ABi A/j), RABCD{{h, g, f}AB, 


Canonical kinetic terms after including wavefunction renormalization factor require 


transformation of fields to the tilde basis (Eq. 3.30) using bi-unitary transformation. 
Then fermion Yukawas (Yf) are diagonalized to mass basis (denoted by primes) via 
the unitary matrices (Uf' B ) made up of the left and right eigenvectors of Yf. Phases 
of unitary matrices are fixed by the requirement that (Uf) T YfUj? = A f should yield 
positive definite A f : 

W = {f) T R f f H f 


f = U Zf Uff = Uff 


f = u Zl ufT = u)f 


1 These calculations were done in collaboration with Prof. C. S. Aulakh and Ila Garg 
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A/ = (UffUl^U z ,Uf 
V Zn f 

As a result the coefficient Labcd, Rabcd of d=5, A B = 
of the Yukawa eigenstate basis transform as 


(3.39) 

±1 decay operator in terms 


L' 


ABCD 


Rabcd 


Y L^(U^U(U^) iB (U^ cC (U' L ) dD 

& yb 

CL^bjC^d 


(3.40) 


MSSM Higgs (//, H) are mixtures of 6 pairs of doublets from NMSGUT Higgs irreps 
so Higgs lines have contribution from all the invariants (couplings) of superpoten¬ 
tial. Although these couplings are small but large number of terms add up to an 
appreciable correction. Imposing unitarity and perturbativity Z > 0 one can find 


the regions of the parameter space where couplings are small but \Z 


— 


H.H I 


0. Thus 


the factor 1/ yj Z H p (Eq. 3.39) will lower the magnitude of the SO(IO) Yukawas 
required to match MSSM data by a factor of 1CU 1 to 10 -2 and still maintain per¬ 
turbativity. d=5 operators have no external Higgs line so lowered SO(10) couplings 
will suppress d=5 operators by a factor of 1CT 4 to 1CT 8 . 


3.6 Fits Including Threshold Corrections 

Besides d=5, B decay operator coefficients, wavefunction renormalization also mod¬ 
ifies the relation between other GUT and MSSM parameters. MSSM p and B 
parameters are larger than the same GUT parameters by the factor of (Z^Z#) -1 / 2 . 
Scalar soft masses and soft Higgs masses will be modified by a factor of Zj 1 and Z“G 
respectively. Trilinear soft parameters will remain same as wavefunction renormal¬ 
ization factors are absorbed by the Yukawa couplings (A = A 0 Yf). These thresholds 
redefine f ab as 

fAB = (UjfUv)AB (3.41) 

This changes the right handed neutrino Majorana masses (( M d )ab ~ fAB&)- Y v and 
Higgs field redefinition modify the Type I seesaw formula. 

If we use the NMSGUT parameters for the solutions presented in |57j and 
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SOLUTION 1 

Eigenvalues ( Z n ) 

0.928326 

0.930946 

1.031795 

Eigenvalues ( Zj) 

0.915317 

0.917464 

0.979132 

Eigenvalues (Zp) 

0.870911 

0.873470 

0.975019 

Eigenvalues (Zg) 

0.904179 

0.908973 

0.971322 

Eigenvalues ( Zq ) 

0.942772 

0.946127 

1.027745 

Eigenvalues {Z£) 

0.911375 

0.916329 

0.997229 

Zb, Zh 

-109.367 

-193.755 



SOLUTION 2 


Eigenvalues ( Z Tl ) 

-7.526729 

-7.416343 

1.192789 

Eigenvalues (Zj) 

-7.845885 

-7.738424 

1.191023 

Eigenvalues (Zp) 

-8.830309 

-8.681419 

1.234923 

Eigenvalues (Zg) 

-7.880892 

-7.716853 

1.238144 

Eigenvalues (Zq) 

-9.203739 

-9.109832 

1.171956 

Eigenvalues (Z L ) 

-9.797736 

-9.698265 

1.217620 

Zh, Z h 

-264.776 

-386.534 



Tabic 3.1: Eigenvalues of the wavefunction renormalization matrices Zf for fermion lines 
and for MSSM Higgs ( Z h jj ) for solutions presented in [57] . 


calculate threshold correction factors for fermion and Higgs lines (Z#, Zr, Z S , Z ,) 
we notice that both the solutions have large negative value of Zh, Zh and second one 


even has negative eigenvalues for Zf j as shown in Tabic 3.1 So we performed a fresh 
search including the GUT scale threshold corrections to Yukawas. Our basic search 
criteria is same as described in the previous chapter but now include an additional 
subroutine implementing threshold corrections to fermion and Higgs fields. Other 
improvements we implemented relative to ra are: 


1. We imposed the strict unitarity and perturbativity 


Zf,f ,H,H > 0 

so searches now prefer smaller values of superpotential parameters as compared 
to the case without GUT scale threshold corrections (see Table 2 [57] for 
details). 

2. Including GUT scale threshold corrections we searched for fits of fermion mass¬ 
mixing data in terms of NMSGUT superpotential parameters that are com- 
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patiblc with B decay limits. We have constrained the B decay rates while 
searching : 

Ma x(L abcd , R AB cd) < 10 22 GeV 

to get proton life time above 10 34 Yrs. This constraint forces the search towards 
the regions of parameter space which produce Z H jj <C 1 

3. Range of soft Susy parameters is almost same as 153 except gluino mass(M^) 
which is kept greater than 1000 GeV in accordance with the latest LHC results. 
Loop corrected Higgs mass is required to be in the experimentally indicated 
range 

124 GeV <M h < 126 GeV 

4. Another improvement is inclusion of Susy threshold effects on gauge unification 
parameters a^Mz), Mx, a(Mx) to take into account the spread out spectrum 
of supersymmetric masses. A weighted sum over all the Susy particles (M Susy ) 
is used in A®“ sy as given in [105], 


AW 

~ - 19a s ln M Susy 



287T Mz 


Afsusy 

= J^[ m 7M (46 i ~ 9 - 66 i+ 5 - 6b i) 
i 

(3.42) 

A^ sy = 

- (bi — b2)Log\Q—- 

11.27T 1 ; y °M z 

i 

(3.43) 

A Susy _ 

lx g — 

1 Y(6.6h h)\n m ‘ 

11.2tt Z ^ v ; M z 

(3.44) 


Here b±, 62 , 63 are the 1-loop (3 function coefficient of U(l), SU(2), SU(3) in the 
MSSM respectively. A®“ sy can be significant so it changes the allowed range at 
GUT scale. We considered the following limits for A®“ sy in the search program. 

- .0146 < A 3u ; y < -0.0102 (3.45) 

Typically we find M Susy ~ 10 TeV. Our constraints on the gauge unification 
parameters are thus : 
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22.0 < A g = A (aa\Mx)) < 25 
3.0 A Ax = A(LogioMx) A —0.03 
.0126 < A 3 = A a 3 (M z ) < -.0122 


(3.46) 


3.6.1 Example Fit 


1. In Table 3.2 we give the values of the NMSGUT superpotential parameters, 


changes in gauge unification parameters- A x , A as , A ac (from GUT and Susy), 
x parameter, the superheavy spectrum and the mSUGRY-NUHM parameters 
preferred by the fitting search program. We also give heavy right handed 
neutrino masses along with Type I and II contribution to light neutrino masses. 
All parameters are modified (by GUT scale thresholds) parameters. Tree level 
relation y y b ^ y y T ~ 1 [HU 88. [89], 00, 01] is no longer applicable. 


2. Table 3.3 shows the successful fitting of extrapolated fermion mass mixing 
data at GUT scale. Column 2 contains the values achieved by the model. 
Column 3 shows experimental error. In the central block eigenvalues of the 
fermion correction factors ( Zf,Zj ), Z H g are given and in the lower block 
Higgs fractions are presented (which along with the SO(10) Yukawas 

determine fermion masses). These parameters are determined by the fine 
tuning condition to keep one pair of Higgs doublets light. As discussed Z H jj <C 
1 lowers the SO(10) Yukawa couplings therefore Z/, Zj are close to unity since 


these are determined by the lowered Yukawas. In Table 3.4 (column 2) we 


show, run down to M z , values of the fermion masses generated by GUT. 
Notice that yd and y s are smaller by a factor of 3 as compared to their SM 
values. Fermion masses including large tan /3 driven Susy threshold corrections 
are given in I th column. 


3. In Table 


3.5 


we have run down values of soft Susy masses (including s ) and 


trilinear couplings. These parameters determine Susy threshold corrections to 
fermion Yukawas, /j and B are determined by electroweak symmetry breaking 
conditions (their values at Mx were obtained by running backup to Mj). We 
used the tree level formulae given in the Appendix (of Chapter 2), to calculate 
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Susy spectra. Tables |3.6| and |3.7| show Susy spectra ignoring and including 
generation mixing. Off-diagonal running changes the spectra marginally. 

4. Here the spectrum has same characteristic as shown in m and mentioned 
in the previous chapter: h,Aq,B > 100 TeV and normal s-hierarchy. Some¬ 
times we get light smuon having mass 100-200 GeV along with Bino (LSP). 
These special solutions are crucial for model phenomenology as they offer a 
co-annihilation channel to LSP and can predict appropriate contribution to 
(g — 2) m . Unoptimized values of important beyond SM (BSM) observables are 


presented in Table 3.8 


5. Using the formalism of [951196] we have calculated the decay rate of proton and 
neutron to the different channel as shown in Table [T9 Clearly, B-decay rates 


are compatible with the experiment. In Table [3T0] we consider the chargino 
and gluino contribution separately and it shows chargino dominance. 

6. Other solution with large value of are also obtained. They may be found 
in [65, TM |. 


3.7 Conclusions and Outlook 

We have computed the one-loop GUT scale threshold corrections [104] to the tree 
level Yukawas at an SO(10) Yukawa vertex. Threshold corrections at M\ to the 
Higgs lines are very significant due to the large Higgs representation used. There 
exist regions in parameter space where the effective MSSM Higgs renormalization 
factor can have very small value (Z H g « 0). These corrections lower the SO(10) 
Yukawas required to match MSSM fermion data. The same Yukawas determine 
coefficients of d=5 baryon violation operators. The lowered SO(10) Yukawas solved 
the problem of fast B decay in NMSGUT E3- We have shown example solutions 
of NMSGUT parameters and soft Susy breaking parameters which accurately fit 
fermion mass mixing data and are compatible with B decay rates. Solutions found 
have not only the Yukawa couplings but also the superpotential parameters signif¬ 
icantly lowered in magnitude as compared to the tree level solutions. We have not 













3.7 Conclusions and Outlook 


62 


Parameter 

Value 

Field 

Masses 


[SU(3),SU(2),Y] 

(Units ofl0 16 GeV) 

Xx 

0.3988 

41,1,4] 

1.68 

Xz 

0.1168 

46, 2, 5/3] 

0.0718 

/ui/10- 6 

3.4611 

48,2,1] 

0.94,2.41,5.15 

M2/10 4 

3.0937 

D{ 3,2, 7/3] 

0.08,3.39,6.02 

M.3 

0.0230 

43,2,1/3] 

0.09,0.71,1.85 

/11/10- 6 

0.0038 + 0.2167i 


1.854,2.65,5.33 

/12/IO- 6 

-1.0760 - 2.0474* 

41A,2] 

0.29,0.57 

/13/IO- 5 

0.0632 + 0.1223i 


0.57,3.33 

/22/IO- 5 

5.0702 + 3.6293i 

41,1,0] 

0.015,0.14,0.50 

> 

CO 

0 

1 

-0.3765 + 1.79997 


0.498,0.65,0.68 

CO 

O 

1 

CO 

—0.9059 + 0.28157 

Mi, 2,1] 

0.291,2.32,3.41 

to/10- 4 

0.1310 + 0.1177* 


4.89,23.26 

to/10- 5 

-8.5199 + 6.99587 

J[3,1,10/3] 

0.23 

to/10- 4 

-3.1937- 1.2230* 

43,1,4/3] 

0.201,0.65,1.21 

A/10 -2 

-3.8826+ 1.0500* 


1.21,3.83 

V 

-0.3134 + 0.12107 

43,1,8/3] 

1.86,3.84 

p 

0.6305 - 0.5268i 

46,1,2/3] 

1.93,2.56 

k 

0.1926 + 0.23117 

M[ 6,1,8/3] 

2.17 

C 

0.9082 + 0.8524i 

46,1,4/3] 

2.04 

C 

0.2737 + 0.6140* 

41,3,2] 

2.77 

m/10 16 GeV 

0.0086 

43, 3, 2/3] 

0.64,3.56 

me/10 16 GeV 

—2.375e _ij4rff A) 

4M,0] 

0.181 

7 

0.3234 

48,i,o] 

0.08,0.24 

7 

-3.6166 

41,3,0] 

0.2828 

X 

0.78 + 0.587 

*[3,1, 2/3] 

0.16,0.45,0.9,2.52 

Aj°\A£ UT 

0.67,0.74 


4.08,4.37, 25.68 

A™,Ag UT 

-20.46, -23.49 

43,3,4/3] 

0.238 

(AaTot ;Aa GUT| (Mz) 

-0.0126,0.0020 

41,2,3] 

0.187 

M v 7l0 12 GeV 

0.000648,0.99,37.28 

W[ 6, 3, 2/3] 

1.95 

Mfr/ 10- 9 eV 

.24,370.1,13882.34 

*[3,2, 5/3] 

0.063,2.068,2.07 

M„( meV) 

1.169109,7.32,41.46 

V[6,2,l/3] 

0.08 

{Evals[f]}/10~ 6 

0.01714,26.28,985.21 

48,1,2] 

0.24 

Soft parameters 

mi = -152.899 

2 

m 0 = 11400.99 

A 0 = -2.00 x 10 5 

at Mx 

li = 1.597 x 10 5 B = 

= -1.74 x 10 10 

ta n/3 = 51.00 


Mg = -2.07 x 10 10 Mg 

= -1.8 x 10 10 

Rbr = 0.1998 

Max( Labcd 1, Rabcd ) 

8.1104 x 10- 22 GeV- 1 



Susy contribution to 

M Susy = 12.6 TeV 



Ax,G,3 

Aff y = -0.070 

A4 y = 3.04 

Aa| usy = -0.015 


Table 3.2: NMSGUT superpotential couplings and SUGRY-NUHM soft parameters at 
M-\ which accurately fit fermion mass-mixing data respecting RG constraints. Unification 
parameters and mass spectrum of superheavy and superlight fields are also given. 
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Parameter 

Target = 0, 

Uncert. = 4; 

Achieved = 0, 

Puii - (o 7 0i) 

e 

o 

1 

C5 

2.062837 

0.788004 

2.066323 

0.004424 

l/c/ 10- 3 

1.005548 

0.165915 

1.010599 

0.030440 

Vt 

0.369885 

0.014795 

0.369792 

-0.006256 

l/d/ 10- 5 

11.438266 

6.668509 

12.421488 

0.147443 

l/s/ 10- 3 

2.169195 

1.023860 

2.189195 

0.019534 

1 lb 

0.456797 

0.237078 

0.527664 

0.298917 

l/e/ 10- 4 

1.240696 

0.186104 

1.224753 

-0.085665 

Wio - 2 

2.589364 

0.388405 

2.603313 

0.035911 

1 It 

0.543441 

0.103254 

0.532427 

-0.106669 

sin 6 \ 2 

0.2210 

0.001600 

0.2210 

-0.0003 

sm^g/lO -4 

29.1907 

5.000000 

29.0755 

-0.0230 

sin^lg/lO -3 

34.3461 

1.300000 

34.3574 

0.0087 

50 

60.0212 

14.000000 

59.7774 

-0.0174 

{m\ 2 )/ 10- 5 (eV ) 2 

5.2115 

0.552419 

5.2189 

0.0133 

(m| 3 )/10- 3 (eV ) 2 

1.6647 

0.332930 

1.6650 

0.0011 

sin 2 d\ 2 

0.2935 

0.058706 

0.2926 

-0.0152 

sin 2 6% 3 

0.4594 

0.137809 

0.4412 

-0.1317 

sin 2 0 r { :i 

0.0250 

0.019000 

0.0267 

0.0892 

(Zu) 

0.957467 

0.957908 

0.957908 


(Zj) 

0.950892 

0.951332 

0.951333 


(Zp) 

0.925116 

0.925579 

0.925580 


(Ze) 

0.944853 

0.945306 

0.945308 


<Zq) 

0.968740 

0.969189 

0.969190 


(Zl) 

0.949564 

0.950011 

0.950013 


Zr, Zh 

0.000273 

0.001151 



Q, 1 

0.1609 - 0.0000/ 

tti 

0.1188 - 0 . 0000 / 


OL 2 

-0.3140 - 0.6026/ 

0 L 2 

-0.4802 - 0.2961/ 


«3 

-0.0477 - 0.4786/ 

«3 

-0.4842 - 0.2469/ 


O 4 

0.3903 - 0.1942/ 

0^4 

0.5795 + 0.0171/ 


CC 5 

-0.0449 + 0.0061/ 

dt 5 

-0.0415 - 0.1241/ 



-0.0071 - 0.2982/ 

dt 6 

0.0274 - 0.1349/ 



Table 3.3: Fit with xx = \ = 0.3988. Target values, at M\ of the 

y i =l * 

fermion Yukawa couplings and mixing parameters, together with the estimated uncer¬ 
tainties, achieved values and pulls. The eigenvalues of the wavefunction renormalization 
for fermion and Higgs lines are given with Higgs fractions a*, on which control the MSSM 
fermion Yukawa couplings. 
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Parameter 

SM(M Z ) 

m GUT (M z ) 

m MSSM _ _|_ Am) GUT (Mz) 

m d j 10“ 3 

2.90000 

1.08183 

3.01515 

O 

1 

CO 

55.00000 

19.06631 

53.14737 

vn h 

2.90000 

3.17508 

3.05602 

m e /lCT 3 

0.48657 

0.45157 

0.45925 

rn,. 

0.10272 

0.09594 

0.09902 

m T 

1.74624 

1.65725 

1.65734 

m u /10~ 3 

1.27000 

1.10509 

1.27687 

m c 

0.61900 

0.54048 

0.62449 

m t 

172.50000 

145.99987 

170.88573 


Table 3.4: Values of the SM fermion masses in GeV at Mz compared with the masses 
obtained from values of GUT derived Yukawa couplings run down from M x to Mz both 


before and after threshold corrections. 


Fit with xz = J E 


(mf 1 


—m' 


SM\2 


( m MSSM)2 


= 0.1153. 


Parameter 

Value 

Parameter 

Value 

M 1 

210.10 


14446.81 

m 2 

569.81 


14445.85 

m 3 

1000.14 


24609.79 

m h 

1761.31 

A 0{1) 

-121907.75 

rrif 

h 

210.71 

A 0(l) 

A 22 

-121757.58 

rr % 

20777.09 

A m 

A 33 

-77289.04 

m L 1 

15308.21 

Mu) 

-148456.63 

m u 

15258.47 

A 0(u) 

A 22 

-148455.19 

m L 3 

21320.16 

4 O (u) 

^33 

-76985.25 

n % 

8402.95 

A 0(d) 

^11 

-122521.00 

rrij 

d>2 

8401.45 

A 0(d) 

^22 

-122518.53 

m j 
ds 

51842.14 

4 O (d) 

^33 

-44046.92 

rrin 

Q i 

11271.93 

tan /3 

51.00 


11270.77 

H{M Z ) 

125591.16 

m Q 3 

40274.01 

B{M Z ) 

2.7861 x 10 9 

Ml 

-1.6336 x 10 10 

Ml 

-1.7391 x 10 10 


Table 3.5: Values (in GeV) of the soft Susy parameters at Mz (evolved from the soft 
SUGRY-NUHM parameters at M x ) (M Susy = 12.6 TeV). 
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Field 

=w 

M x ± 

M x° 
Mi p 

M~ e 

Mu 

M~ d 

M a 

m h ± 

M h 

M h 


Mass(GeV) 

1000.14 

569.81,125591.22 

210.10, 569.81,125591.20,125591.20 
15308.069,15258.322, 21320.059 
1761.89,15308.29, 211.57,15258.60, 20674.72, 21419.56 
11271.80,14446.76,11270.63,14445.80, 24607.51,40275.87 
8402.99,11272.10, 8401.48,11270.95,40269.19, 51845.93 

377025.29 

377025.30 
377025.28 

124.00 


Table 3.6: Susy spectrum calculated ignoring generation mixing effects. 


Field 


Mass(GeV) 


Mg 

M x ± 

M x o 
M, 

Me 

Mu 

M~ d 

M a 

M h ± 

M h 

M h 


1000.72 

570.11,125537.00 

210.22, 570.11,125536.98,125536.98 
15257.98,15307.71, 21350.169 
242.61,1765.59,15258.25,15307.93, 20733.03, 21453.81 
11258.18,11270.54,14444.57,14445.53, 24609.90,40301.29 
8400.19, 8401.71,11258.52,11270.84,40294.63, 51879.28 

377430.83 

377430.84 
377430.82 

124.13 


Table 3.7: Susy spectrum calculated including generation mixing effects. 


Parameter 

Value 

BR(b —» S 7 ) 

3.294 x 10 ~ 4 

Aa /t 

1.06 x 10" 9 

Ap 

6.03 x 10 ~ 7 

e/ 10" 7 

0.12 

OPMNS 

6 . 21 ° 


Table 3.8: Unoptimized values for the solution presented. 
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Parameter 

Value 

Tp(M + u) 

9.63 x 10 34 

T (p —t 7T + P) 

4.32 x 10~ 37 

BR(p -P n + v e ^ T ) 

{1.3 x 10“ 3 , 0.34,0.66} 

T(p -)• K+v) 

9.95 x 10~ 36 

BR(p -P K + D e ^ T ) 

{4.6 x 10~ 4 , 0.15,0.85} 

t p (M°1 +) 

1.053 x 10 36 


r(p v t°1+) 4.239 x IQ” 37 


BR(p -> vr°{e + , //+, r+}) {2.241 x 10“ 4 , 0.057, 0.943} 

Y(p -P K°l + ) 3.532 x 10" 37 

BR(p -p /l°{e+, /x + , r+}) {5.544 x 10“ 4 , 0.103, 0.897} 
r(p -)• rfl + ) 1.724 x 10" 37 

BR(p -» 77°{e+, //+, t + }) {2.232 x 10~ 4 , 0.057, 0.943} 


T n (M°U ) 

T(n —» 7r°P) 
BR(n ->■ 7r°P e)/ijT ) 

r(n A'°P) 
BR(n ->• K°u e ^ r ) 
T(n —>• ? 7 0 P) 
BR(n -P r/°P e , M , T ) 


1.084 x 10 35 
2.170 x 10- 37 

{1.321 x 10~ 3 , 0.341, 0.658} 
8.79 x 10' 36 

{1.33 x 10" 3 , 0.202, 0.797} 
2.177 x 10- 37 
{5.39 x 10“ 4 , 0.128, 0.871} 


Table 3.9: d=5 operator mediated nucleon lifetimes T p%n { yrs), decay rates T(yr 4 ) and 
branching ratios in the different channels. 


Parameter 

pchargino 

ptotal 

pgluino 

ptotal 

p -p K + v 

0.795 

0.029 

p ~P 7T + P 

1.123 

0.011 

p -P K°l+ 

0.794 

0.029 

P ~P 7T°/ + 

1.255 

0.023 

^3 

l 

CS 
o 
--- 

+ 

0.61 

0.015 

Tl ~P 7 T°1S 

1.255 

0.023 

n -P K 0 u 

1.111 

0.015 

n -P rpv 

0.969 

0.009 


Table 3.10: First and second column contain ratio of nucleon decay considering only 
chargino and gluino contribution to the total decay rate. 
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optimized our fits for different phenomenological constraints from quark and lepton 
sector. However we have calculated some important beyond SM (BSM) parameters 
such as a M , p, BR(& —> sy) which respect the experiment limits. One of the example 
fits with a light smuon (fi R ) shows significant Susy contribution to a M . 

We have also implemented the effects of Susy spectra on gauge unification 
parameters ay (Mz), Mx and a(Mx)- Susy spectra of the fits including super¬ 
heavy threshold corrections have same characteristics as the one without GUT scale 
threshold corrections (exhibited in [5?]). Thus they have large Aq,/j, ~ 100 TeV (for 
realistic fermion mass and mixing data and Mh ~ 125 GeV) parameters and heavy 
s-particle spectra which seems to be a likely scenario after Higgs discovery. Fits ob¬ 
tained deviate significantly from « 1 which is characteristic of 10 — 120-plet 
generated fermion fits [871 BS, ES, 90] [9lJ . 

This mechanism of suppressing fast dimension 5 proton decay rates including 
GUT scale threshold to light fields, is generic for all realistic Susy GUTs in which 
the light MSSM Higgs arise from a mixture of GUT Higgs doublets coupled to a 
large number of superheavy fields. The effect of d=6 B violation operator with one 
external Higgs line remains to be checked. 
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Appendix: Higgs Field Correction Factors 


In this Appendix, we give correction factors from all type of GUT multiplets to the 


H and H (see Eq. 3.37) : 


k rc — 


d(R) d(C) 

E E 

a=l a'=1 


) V,f 


+( ^V«u& - f^vsug. + jfSvg, )v» 
+ ( ^V*Ug, + y? r,V*U& + ij=v*u£,)v” 


^ V R U C 
^2 


l P T cRttC , C T r R T tC 


Vg 


3V2 

K_ 

Vq 


V£U&. + j=V£U& }V* 


t ^RjtC I ^ t/■ RttC 

rr v 2a u 2a' ~r /77 V 2a u la' „ /tt v la^3a' I V 61 


3^ 


P VSUZAVS F l 2 (m*,m%,Q) 


(3.47) 


d(X) d(P) 

k xp = 5Z 


a=l a'=l 


7^uf a , - \v*uz\ Vi- (^ ) K 


V2 


V3 


V6 


jLy x TT p i ily x Tj p 

nrhA-in' + /^Ga^la' 


2^27] 


V 2 x a u[ a , )v* 


„ v/3 

+ ( ifZuL + Cv£u&)v» + -V [s/2Qv£u 

2 


P 

la' 


rv x TJ p 4 - -V X TJ P _ 

S v la ( - 7 la' “T 2 v la ( - y 2a' *" 2a w 2a' I v 61 


P ViuL )V ( P F 12 (m x ,m p ,Q ) 


-2s 


10 


K 


p* 


i\l-vi;vi - yvvi + y=v p :vi 


la' ' 31 


v/2 


51 


V6 


2a' ^ 61 


Fi 2 (m\ x , m p , Q) 


(3.48) 


d(F) 


AVp= X] 

a=l 


«£ - i 7 < Inf - () nf - v'Scv^v, 


'31 


-2V3\V£V« + i(Vf a Vi -(nscnf - (|nf) V« 


Fi 2 {rn v , m p , Q) 


2^10 




F 12 (m v ,m\ F ,Q) 


(3.49) 
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d(E)d(J) 

k e j= E E h v £ u i' + ^ iv £ u i'- : k v £ui. + w£ui. + ^=v^ui- 

a =1 a '=1 ' V V 

+*W££& - + 2^i n V 3 E a Ug, + ^-riV^Ul 

+^<ul - jflui. + 

+}fl<v£ui, - 2 ^fv£u£, + ^f£ug. + V 6 V v£ui, + ^=v£ull) V< 


+V2i\(2v£ui, - v£ul - V2v£uijvS+^v£ui. + jV£ui 


~^< U L - ^<<K' - ^v£uL^v£+(7kv£ui, - 7kv£u£, 
--^KuL + + gjf£~ u i- - + ^v£K' 

+^fl v L -\j\KVgJJL - E" F 12 (mf, mi, Q) 

-2<7?o ^ftv£ + ^f£;v£ - V2 U£v£ + ^f£;v£ F 12 (mgm Xj ,Q) 

- 2 sfo 4 v,> 2 ? - iv£v£ + A=v£v£ + iv£,v£ - kf£,v£ 


F 12 (mx E ,m J a i,Q) 


(3.50) 


d(P) d(E) 


K P e= E E 

a=l a '=1 ' 


PrrE \t/P 
2a^4a' ‘'ll 


+ - V2Ug.) + 3- V P t jglj V i 


-F(2V e U e . + ^=Ugj V«+ (2 V2r,iV E Ug, - ^Ug - C2(V E U‘ 
+ C2KVgUg^jVS + {^jf£ug, + C VgUgTj vil+[F v gug, 




- ^|V£t/£, + ^=v£ugj V£ F 12 (mf, ml, Q) 


-2A -Jlu5v5-"£vs-* fc 


V 6 ? F a (mgm XE ,Q) 


(3.51) 
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+ \j\iOvgvg - KV&Ug - s/%Vgu. 
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(3.71) 


For the H[ 1, 2, —1] line we have 


(167r 2 )/C^ = 8Krc + +9 K UE + 9 K P x + 3 K T x + QK m §3K d j + 9K E p + Kvf 

F3K je + 6A iy + 8 K Z q + 3K EE + 3Iij E + 3 K$h + 2AKqc + 9K EE 
+6 K Y n + F fh + 3 K X k + Kv a + 6 K BE + 18 A + 3K E q 

+ 18Ajyy- + 3Kytj + Kqh (3.72) 
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Chapter 4 


Loop Corrected Susy Spectra 

4.1 Introduction 

The discovery that the Higgs mass is, at around 126 GeV, almost 28% larger than 
the tree level upper limit in the MSSM pm has emphasized the crucial role of loop 
corrections in the MSSM [T06] . For the precise estimation of Susy particle masses, 
it is essential to consider the loop effects. Susy threshold corrections to the SM 
Yukawas are already incorporated in the NMSGUT [57]. The NMSGUT requires 
GUT scale [104] and Susy threshold corrections [57] to suppress fast B-decay rates 
and for fermion fitting respectively. In the previous chapter tree level Susy spectrum 
is presented (however the Higgs mass is one-loop corrected). The next step regarding 
inclusion of quantum effects is to calculate one loop corrections to the Susy spectrum. 
NMSGUT fits [5711104] prefer mini-split Susy spectrum: gaugino/higgsino masses ~ 
10 2 TeV, heavy third s-generation ~ 10 TeV, n, A 0 ,M H jj ~ 10 2 TeV and first and 
second generation lie in between neutralino/chargino and third generation sparticle 
masses. In this chapter we present a one-loop corrected effective MSSM spectrum in 
the context of NMSGUT. We will investigate the significant corrections received from 
the NMSGUT kind of low energy spectrum. Formulae for the one loop corrections 
to the entire Susy spectrum are well known [11071 Il08l 110911110111111 ;83j. Particularly 
Ref. [83] is a pedagogical manual for one loop corrections to fermion, sparticle and 
gauge boson spectra. The modified dimensional reduction (DR) renormalization 
scheme [ 112 ] is convenient to use in Susy theories. The poles of the loop corrected 
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4.2 Dominant Corrections 


propagators determine the physical masses. Thus the physical mass ( m p h ys ) of a 
boson is given by the solution of 

M 2 = M 2 (Q) - Tie n(M 2 ) (4.1) 

Here M 2 {Q ) is tree level mass parameter at scale Q and n(M 2 ) is self energy con¬ 
tribution ( the sensitivity to Q of m p h ys should decrease as one increases the order 
of perturbation since it should be a RG invariant). To avoid negative pole mass 
self energy is iteratively calculated. One needs to calculate self energy of W and 
Z boson to calculate DR EW symmetry breaking VEV. Fermion masses are also 
calculated from the pole of corresponding propagator. One-loop self energy of Susy 
particles affects : 

• Gluino, Chargino and Neutralino Masses 

• Higgs sector :- heavy Higgs boson masses (M 4, M H , M H +) and light Higgs 
boson (M h ) 

• Squarks and Sleptons 

Complete formulae of these self energy calculations are presented in [S3]. In the 
next section we will discuss dominant corrections with explicit expressions. 


4.2 Dominant Corrections 


FORTRAN subroutines implementing formulae of [83] are also available [82]. We 
have interfaced these subroutines with our FORTRAN code. We calculated the loop 
corrections to the tree level spectrum presented in the previous chapter (see Tables 


3.2 3.6) and [104], Including loop corrections (some of) the Erst and second gener¬ 
ation squark and slepton masses can turn negative as shown in the example Tables 


4.1 and 4.2 We identified the dominant dangerous corrections- i.e. those which can 


drive some sparticle masses to negative values- using the solutions presented in the 
previous chapters. The significant corrections are discussed below :- 
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4.2.1 Gluino Mass 


Tree level gluino mass is 

M~ g = M 3 (Q) 

The physical gluino mass is given by the solution of 


(4.2) 


Mg = M 3 (Q) - fteE 5 (M|) 


(4.3) 


where is gluino self-energy : 


E ^ 2 ) = ife|-^( 18+91n IJ 


EE M~ g Bi(p,m q ,mq J 

q i=l 


sin 26^ 


A)(P, rra„ mgj - B 0 (p, m q , m q2 ) 


(4.4) 


where Q is the renormalization scale (which we take to be M^), g 3 and 9 q are SU(3) 
gauge coupling constant and squark mixing angle respectively. One loop correction 
to gluino mass comes from gluon/glnino and quark(m ? ) / squark (mg) loops [83]. The 
loop-function Bq has the form 


Bo(p,m i,m 2 ) = j - lu (/. ) - /bU+) - //;!■>■-) 


(4.5) 


where 


= 


s ± y/s 2 — 4p 2 (mf — ze) 

2p2 


2 2,2 
s = p — m 2 + m 1 


fs(x) = ln(l — x) — xln(l — x x ) — 1 


(4,6) 


and 1/e represents infinite contribution. The function Bi is defined in terms of 
loop-functions B 0 and A 0 : 


A 0 (m) = m \ - + 1 — In — 


m 


(4.7) 


B 1 (p,m 1 ,m 2 ) = —-= 


2 p 2 


A 0 (m 2 ) - A 0 (mi) + (p 2 + ml - m 2 2 )B 0 (p : m u m 2 ) 


(4.8) 










4.2 Dominant Corrections 


First term of Eq.(4.4) represents the gluon/gluino contribution. Quark/squark con¬ 
tribution is given by second and third terms. Out of these the third term has 
negligible contribution since it is proportional to quark masses. First and second 
term have opposite contribution. Second term involves the loop function A 0 which 
is proportional to m~ , therefore it provides the dominant contribution. Gluino mass 


gets approximately 30% corrections (see Tables 4.1 and 4.2). 


4.2.2 Neutralino and Chargino Masses 

MSSM gauginos and Higgsinos form chargino and neutralino eigenstates. Neutralino 
mass matrix including radiative corrections is given by: 


= Mg, + - (SM^P 2 ) + SM^(p 2 )) 


(4.9) 


where 


SMAp 2 ) = - £° r (p 2 )vi s . - AV“£i(p 2 ) - £$(p 2 ) 


(4.10) 


Here o is the tree-level neutralino mass matrix (Eq. 2.69), and the factors 
TP l r siP 2 ) are m &trix corrections. Self energy has contributions from (quark/squark, 
lepton/slepton, neutrino/sneutrino), chargino/W-boson, neutralino/Z-boson and 
gaugino/Higgs loops. Dominant contribution comes from- quark/squark, lep¬ 
ton/slepton, neutrino/sneutrino loops. Third generation quark/squark provide max¬ 
imum corrections : 


2 

( s ° (p 2 ))ij g - a hwk ne Bl ( Pim &) ( 4 - n ) 

k =1 

2 

(Z°s(p 2 )) q ij q ^ h hqq k a X°qq k m t ne B ° (p> m q k ) ( 4 ' 12 ) 

k= 1 

Here q represents top/bottom quark and q refer to the corresponding scalar, a^o q ^ k 
are neutralino-fermion-sfermion couplings and sum over k includes contribution of 
scalar partners of both left and right handed quarks. Similarly, one-loop chargino 
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mass matrix is as follows : 


Mi;T = M J + - £i(p 2 )M it - Mi+ZtiP 2 ) - 2J(p 2 ) 


(4.13) 


where A4^+ is the tree-level chargino mass matrix (Eq 2.68). Quark/squark correc¬ 
tions have form : 


( s £(p W ~ z. °*^\ a v->\ ne Bi ^ m m z) 


k= 1 


(4.14) 


Ps (P 2 ))?/" » 6$+^ a f +,f k m. He B„{p, m„ m-,) (4.15) 


fc=l 


Here q' denotes bottom (top) when q is top (bottom). can be obtained from 
Tj°£ + by replacing the couplings. Neutralino/chargino corrections are approximately 


7%. 


4.2.3 Higgs Mass 


The MSSM has two Higgs doublets Hi and H 2 whose VEVs generate fermion masses, 
so to start with we have 8 degrees of freedom. W ± and Z bosons eat 3 degrees of 
freedom and become massive so we are left with 5 degrees of freedom i.e. the neutral 
Higgs (h, H), charged Higgs H ± , CP odd Higgs A. Higgs soft mass parameters m% 
at Mz determine /i and B : 


/1 2 = 


B — - 
2 


tan 2(3 ^rn 2 H ., tan (3 — m 2 Hl cot (3^ — M| 
tan 2/3 ( m 2 H2 — m 2 Hl ) —Mf sin 2/3 


(4.16) 


M a (H(tan/3 + cot/3)) is computed from B and then tree level Higgs masses are 
calculated. Tadpoles need to be calculated to take into account the one loop radiative 
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corrections to the Higgs masses. Vanishing of tadpoles provides : 


p 2 = 


tan 2/3 ( m 2 Ho tan f3 — m 2 H cot f3 )— M§ — 77e n| z (Mf) 




= — (m 2 Ho -m 2 H ^\ -Af£ -TZeIi T zz (M 2 z ) -1ZeYl AA (m 2 A ) + b A (4.17) 
C 2 /3 V J 


- 2 2 H 

m rr = mrr - 


- 2 2 ^2 

mrr = 77lrr- 

H2 H2 V 2 


(4.18) 


, _ 2 H I 2 ^2 

k>A — Sa -h Cg — 


Vl 


«2 


(4.19) 


Here II zz and 11 i ,4 are self energies of Z-boson and CP odd pseudo-scalar A. 
Charged Higgs mass including loop corrections is given by: 


Mx + — Iff 4 + M\y + 77e 


n A A(M A ) n h+H~ { m H+) d" ^-wwi^w) 


(4.20) 


Remaining two CP-even Higgs mass are determined from the pole of matrix : 


m 2 s (p 2 ) = 


' M 2 z c} + M\sl - n„„(p 2 ) + a _(M| + M\)spcp - n, li2 (p 2 ) N 
v -(Ml + M>pe„ - n, a „(p 2 ) Mlsl + M 2 e 2 - n, 1>a (p 2 ) + 1 , 


Here M| and M A are DR masses. Explicit form of self-energies (n ss /) can be found 
in [83j. 


4.2.4 Squark and Slepton Masses 


Tree level squark and slepton masses are calculated from 6 x 6 mass matrices. It is 
convenient to breakup self energy corrections as 3 x 3 blocks (n^^. 



\ M lh- n hh^ 


~ n hfJp 2 ) N 
M kh ~ %/> 2 ) ) 


(4.21) 
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Parameter 

Tree level Masses (GeV) 

Loop Corrected Masses (GeV) 


Mg 

1000.14 

1297.10 

M x± 

569.81,109858.12 

628.52,123993.68 

M x° 

210.1, 569.8,109858.1,109858.1 

215.9, 628.5,123993.7,123993.7 

Ml 

{2.34,2.33,4.55} x 10 8 

{2.0,2.02,8.42} x 10 9 

Ml 

{3.10,234.34} x 10 6 ,45071.29 

{-3.50,1.99,-3.46,2.01} x 10 9 


{2.33,4.29,4.57} x 10 8 

{8.42,9.38} x 10 9 

M- 2 

U 

{1.27,2.09,1.27,2.09} x 10 8 

{-.45, 2.56,-.45, 2.56} x 10 9 


{6.06,16.22} x 10 8 

{2.95,26.14} x 10 9 

M J 

{0.71,1.27, .71,1.27} x 10 8 

{-1.1,-.45,-1.1,-.45} x 10 9 


{16.22,26.88} x 10 8 

{26.1,52.9} x 10 9 

M a 

517662.74 

40556.46 

M h ± 

517662.75 

40590.03 

M h 

517662.74 

40624.33 

M h 

89.09 

493.46 


Table 4.1: Tree level and loop corrected Susy spectra corresponding to the soft paramter 
presented in the previous chapter. The loop corrected squark and slepton masses turn 
negative. 


Parameter 

Tree level Masses (GeV) 

Loop Corrected Masses (GeV) 

Mg 

1200.01 

1542.55 

M x± 

590.18,155715.46 

646.67,160020.65 

M x o 

246.4,590.2,155715.4,155715.4 

255.8, 646.7,160020.6,160020.6 

Ml 

{2.35,2.35,9.08} x 10 s 

{25.43,25.71,115.44} x 10 8 

Ml 

{1.43,2.35,1.43,2.35} x 10 8 

{-4.42,2.52,-4.35,2.55} x 10 9 


{9.08,14.87} x 10 8 

{14.22,19.38} x 10 9 

Ml 

{1.64,1.81,1.64,1.81} x 10 8 

{-.57,3.21,-.57, 3.21} x 10 9 


{23.26,24.01} x 10 8 

{5.02,24.69} x 10 9 

Ml 

{1.26,1.81,1.26,1.81} x 10 8 

-{1.39, .57,1.39, .57} x 10 9 


{23.88,24.42} x 10 s 

{24.69,47.34} x 10 9 

M a 

584560.76 

25390.88 

M h ± 

584560.76 

25398.06 

M h 

584560.76 

25409.02 

M h 

89.35 

411.44 


Table 4.2: Tree level and loop corrected Susy spectra corresponding to solution 2 of [104| . 
The loop corrected squark and slepton masses turn negative. 
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Self energies are calculated at the tree mass scale for each particle. Sfermion masses 
are fixed as poles of propagator 


Det\pt-Mp1)} = 0 


(4.22) 


Squark and slepton receive corrections from electroweak gauge bosons, neutralinos, 
charginos, sfermion quartic interactions (up squark, down squark, charged slepton, 
sneutrinos), pseudoscalar Higgs, neutral Higgs and charged Higgs. Out of these 
Higgs sector corrections are dominant because of decoupled Susy spectra. For up 
type squarks, these are 



71=1 



4 2 



n =1 i=l 
2 



(4.23) 


Here H® denotes H, h, G° and A 0 , refer to H + (G + ), Y u /Y f j is the Yukawa 

coupling of up/down quarks, the factors D nu and C n are sine/cosine functions of 


Higgs mixing angles (cq/3) [83jJ. The parameters /g, g and gj (// — Qf sin 2 6 W ) 


represent SU(2) quantum number, SU(2) gauge coupling and weak neutral current 
couping. Self energy n I l IE | s " sector (p 2 ) can be obtained by replacing g UL by g UR and 



4 2 



2 



(4.24) 


Corrections due to quartic Higgs couplings involve loop function A 0 which is pro¬ 
portional to m 2 , so these terms dominate for the heavy Ma, as predicted by the 
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NMSGUT. If we switch off the terms containing A 0 in the Higgs contribution then 
we get positive loop corrected masses. But if we ignore all the Higgs corrections 


then third generation masses become negative as shown in Tables 4.3 and 4.4 
Chargino/neutralino contribution is appreciable for third generation : 


4 r 


n^> 2 ) «£ 

i =1 L 

2 r 


i =1 L 


fiqq L L G (p, m^,m q ) - 2 g iqqLL m^m t B 0 (p, m^,m q 
fiq'q L L G (Pi m xt’ 77 V) _ 2 9 i q 'q LL m^+m q ,B 0 (p, m-+,m q ,) 


(4.25) 


2 r 




i=1 


fiq'qLR G (Pi m x+l m q ') ~ 2 9iq'qLR m x +m q ,B o(P > m x+’ m q ') (4.26) 


Couplings / and g are defined as 


filfi — + I hifil 

snf,= 2 ‘ Re O>l l H“x,fi 1 


Loop function G is defined in terms of functions Bo and Aq 


(4.27) 


G(p, mi, m 2 ) = (p - m{ - m$)B 0 (p, mi, m 2 ) - A)(™a) - A 0 {m 2 ) (4.28) 


Chargino/neutalino and Higgs corrections have opposite contribution. One needs 
to decrease the magnitude of Higgs corrections to get positive first and second gen¬ 
eration sparticle masses. The chargino and neutralino masses are proportional to p 
parameter. We have softened this contribution via penalty on /j and M4 which we 
will discuss in the next section. I11 the tree level example spectra presented in the 
previous chapter M4 ~ 3/i. 


4.3 Numerical Procedure 

Our fitting criteria are the same as discussed in the previous chapters. To calculate 
the one loop Susy spectrum, we have interfaced the LoopmassesMSSM subroutine 
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Figure 4.1: Flowchart of SPheno subroutine LoopMassesMSSM. 
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Parameter Loop Corrected Masses (GeV) 

Mf {2.61,22.35, 2., 22.05} x 10 7 , —4.41 x 10 s , 305993.39} 
M| {1.36,1.96,1.36,1.96, -21.61, -12.93} x 10 8 

Mj {0.81,1.36, 0.81,1.36, -12.93, -4.46} x 10 8 


Table 4.3: Charged slepton and squark masses ignoring Higgs sector corrections for the 
solution presented in the previous chapter. Third generation squark and slepton masses 
turn negative. 


Parameter Loop Corrected Masses(GeV) 

M\ {1.64,1.87,1.64,1.87, -24.52, -20.98} x 10 8 

M'j {1.32,1.87,1.31,1.87, -20.10, -18.07} x 10 8 


Table 4.4: Charged slepton and squark masses ignoring Higgs sector corrections corre¬ 
sponding to solution 2 of una. Third generation squark and slepton masses turn negative. 


of SPheno [82] with our low scale calculation subroutine FUNKTUNE (see flowchart 


2.1). We will discuss only the extra penalties imposed and structure of the additional 


subroutine. Algorithm of LoopmassesMSSM is represented by a flowchart 4.1 ft 
calculates one-loop radiative |H3j corrections to the Susy particles but for the Higgs 
masses two-loop corrections [1113111141 : 115j are also included. We run the MSSM 
RGEs from M GUT to M z to get hard and soft parameters at M z (considered the 
renormalization matching scale), which are the inputs to LoopmassesMSSM. First 
of all the subroutine calculates p and B parameter using electroweak symmetry 


breaking conditions (EWSB) (Eq. 4.16). Using calculated p and B tree-level Susy 


spectra is calculated. Z-boson self energy ( Ti zz ) is used to compute DR VEV 


v\Q) = 4 


M 2 z + neU zz (M 2 z ] 


£(Q) + 9$(Q) 


(4.29) 


This VEV is used to calculate one-loop and two-loop tadpoles further in the spec¬ 
trum calculations, p and B are calculated using two-loop effective potential. This 
process is repeated until consistent values are achieved. Then the tree level sparticle 
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spectrum is calculated using updated /j and B value. 


As the Higgs sector masses are parameterized in terms of CP- odd pseudo¬ 
scalar Higgs mass (Ma) and tan/3, so first of all two loop corrections to pseudo¬ 
scalar Higgs are calculated and the process is repeated to get the convergent value. 


To calculate one-loop corrected charged Higgs masses (Eq. 4.20), self energy of 
charged Higgs and W-boson is calculated. Then neutral Higgs masses are calculated 
taking into account the two loop corrections [11311114111151 116] . After this one loop 
correction to gaugino-higgsino sector are calculated. At the end loop corrections to 
the squarks and sleptons are calculated. Subroutine LoopmassesMSSM calls several 
subroutines from SPheno modules - LoopMasses, Couplings and TwoLoopHiggs to 
compute loop corrections to Susy particles. Each subroutine has in/out argument 
kont which traces the occurrence of negative mass square parameter. We have 
modified the subroutine to accumulate kont from all the called subroutines to the 
end so that program moves forward using absolute value of the negative quantity. 
Output kont of LoopmassesMSSM is added to y|. In other words penalties are 
imposed to get positive masses. 

NMSGUT solutions [ 5711104] have A 0 , fi \M H p\ parameter of order of 10 5 GeV. 
Large value of Ma gives huge corrections to sleptons and squarks masses and can turn 
these negative. To overcome these obstacles one way is to decouple each Susy particle 
at its mass threshold uni. But implementation of this procedure is not trivial in 
multiple iteration search code. Other possibility is to limit the size of loop correction 
factor which is controlled by p and Ma- While finding the solution we restricted the 
(LoopmassesMSSM output) parameters such that .3 < ( T oop ) 2 < 2.7 by imposing 
the penalty in the program. Lower limit is decided from the tree level fits which 
have Ma ~ 3 fi. Two successful solution sets are given in Tables 4.5 4.17 which have 


H > Ma- We also give the tree level spectrum for both the solutions in Table 4.9 and 


4.16 Spectrum calculated using one loop EWSB conditions and including only one- 


loop corrections to CP-odd Higgs boson and neutral Higgs, is given in Tables 4.11 
and |4.18 Since the two-loop corrections are small the spectrum is slightly modified. 
The values of p and B calculated using one-loop EWSB conditions are also provided. 
Results of nucleon decay rate calculations corresponding to the solution found are 
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Parameter 

Value 

Field 

Masses 


[SC/(3),St/(2),r] 

(Units ofl0 16 GeV) 

Xx 

0.0794 

41,1,4] 

1.53 

Xz 

.0234 

B[ 6, 2,5/3] 

0.1096 

/iii/lO” 6 

5.4571 

48,2,1] 

0.96,2.56,5.81 

/122/10 4 

4.6430 

D[ 3, 2, 7/3] 

0.06,3.80,6.83 

h-33 

0.0225 

43,2,1/3] 

0.14,0.78,2.05 

/11/10- 6 

-0.0149 + 0.2047* 


2.045,3.14,6.04 

/12/10- 6 

-2.3914 - 2.7940* 

41A,2] 

0.20,0.65 

/13/10- 5 

—0.2130 — 0.21617 


0.65,3.99 

/22/10- 5 

9.8088 + 8.2589* 

41,1,0] 

0.023,0.21,0.70 

/23/10- 4 

-0.5695 + 3.2942* 


0.702,0.76,0.81 

/33/lcv 4 

—1.2891 + 0.6842* 

Ml, 2,1] 

0.357,2.69,3.83 

g 12/10- 4 

0.2339 + 0.1782/ 


5.63,24.55 

f?i3/10~ 5 

-10.6053 - 0.3780* 

J[3,1,10/3] 

0.34 

to/io -4 

-1.4787 - 0.6802* 

43,1,4/3] 

0.300,0.58,1.33 

V 

O 

1 

to 

—5.6612 + 0.3859* 


1.33,4.29 

V 

-0.2656 + 0.0830* 

43,1,8/3] 

2.00,4.25 

p 

0.6135 - 0.3515* 

L[ 6,1,2/3] 

1.80,2.92 

k 

0.5779 - 0.0493* 

M[ 6,1,8/3] 

1.92 

C 

0.9346 + 0.7021* 

A[6,1,4/3] 

1.82 

c 

0.3302 + 0.8020* 

41,3,2] 

2.57 

m/10 16 GeV 

0.0130 

P[3,3,2/3] 

0.71,3.99 

me/10 16 GeV 

-2.873e- iAr9(A ) 

Q[8,3, 0] 

0.272 

7 

-0.1121 

48,1,0] 

0.12,0.38 

7 

-3.5300 

41,3,0] 

0.4397 

X 

0.7947 + 0.6059* 

4,1,2/3] 

0.26,0.53,0.88,2.76 


0.52 


4.40,4.73,27.10 

A™ AguT 

-19.0057,-21.7990 

43,3,4/3] 

0.368 

{AaT 0t ,Aa 6 UT^ Mz) 

-0.0126,-0.0024 

41,2,3] 

0.288 

M^/lO^GeV 

0.001043,2.68,81.22 

W[6, 3, 2/3] 

1.68 

M//l(r u eV 15.9,40763.9,1237293.6 

A[3, 2, 5/3] 

0.098,2.259,2.259 

M„( meV) 

1.351328,7.17,40.36 

V[6,2,l/3] 

0.13 

{Evals[f] } /10“ 6 0.01977, 50.71,1538.58 

48,1,2] 

0.38 

Soft parameters 

mi = 304.546 

2 

m 0 = 12345.27 

A 0 = -1.22 x 10 4 

at Mx 

/* = 8.077 x 10 4 

B = -3.49 x 10* 

tan/3 = 51.00 


M| = -5.6 x 10 9 

Mg = -8.4 x 10 

9 Rbr = 8.3873 

Max( Labcd , Rabcd ) 

4.8 x 10” 22 GeV -1 



Susy contribution to 

M Susy = 2.89 TeV 



Ax,G,3 

Af+ y = -0.242 

Aq sy = 2.793 

Aa§ usy = -0.010 


Table 4.5: Fit 1 : Values of the NMSGUT-SUGRY-NUHM parameters at Mx derived 
from an accurate fit to all 18 fermion data and compatible with RG constraints. Unification 
parameters and mass spectrum of superheavy and superlight fields are also given. 



4.4 Discussion 


given in Table 


4.19 


These fits have A 0 , /i, Adjj and Mj, parameter lesser by a factor 


of 10 as compared to the tree level fits. Parameter B is decreased by a factor of 100. 
Loop corrected spectrum have Mj ree slightly greater than fi parameter but earlier 
(tree level fits) we had Ad a ~ 3yU where as now M^ op « ,5/n 


4.4 Discussion 


We have found the NMSGUT superpotential couplings and mSUGRY-NUHM pa¬ 
rameter sets which provide realistic fermion mass-mixing data, B-decay rates re¬ 
specting experimental limits and consistent loop corrected Susy spectra as shown 
in Table |4.5 4.17 Computation of sfermion self eneries require special treatment 
as heavy CP-pseudo scalar A and chargino/neutralino give huge corrections. To 
control these corrections the (^) 2 ratio is kept within the range : 0.3-2.7 . Conse¬ 
quently the heavy chargino/neutralino masses and heavy Higgs masses (Ad a, H, H ± ) 
are smaller (0(80) TeV, 40-50 TeV in our example fits). Loop corrected spectra re¬ 
tain the distinctive feature (of NMSGUT): normal s-hierarchy. The reason is the 


preference for huge negative soft Higgs masses (Ad 


H,H> 


-10 9 GeV 2 in the fits. LSP 


is pure Bino as before. We shall see (in Chapter 6) that the NMSGUT provides a 
natural reason why the soft Higgs masses become negative already at the GUT scale. 
Loop corrected spectrum have right handed up squarks as the lightest sfermion in¬ 
stead of light smuon. The proton decay rates are still suppressed as explained in 
Chapter 3. 

As discussed this ratio jj- is crucial for the Higgs sector and Higgsino loop 
correction to the scalars. Values of this ratio found in the fits approach the upper 
limit applied. We have not yet found light smuon solution after including loop 
corrections which require parameter space scan with different ranges of . As a 
check we calculated the one-loop spectrum using package SuSpect (1T8] by providing 


it soft masses (at M z , given in Tables 4.8 and 4.15) along with /i and Ad a- We found 


acceptable agreement between the two packages except for sfermion masses which 
are not at all accurate in SuSpect when Ma is very large since no contribution at 
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Parameter 

Target = 0* 

Uncert. = 4; 

Achieved = O, 

Pull - {0i "° i} 

yj io- e 

2.092493 

0.799332 

2.092761 

0.000336 

yd io - 3 

1.019953 

0.168292 

1.019585 

-0.002187 

in 

0.349569 

0.013983 

0.349591 

0.001589 

yd io - 5 

9.205462 

5.366784 

9.268855 

0.011812 

yd io ~ 3 

3.289656 

1.552718 

3.324815 

0.022643 

yb 

0.282268 

0.146497 

0.290937 

0.059176 

yd io ' 4 

1.101024 

0.165154 

1.101185 

0.000974 

yd io - 2 

2.325464 

0.348820 

2.328437 

0.008522 

yr 

0.462318 

0.087840 

0.458344 

-0.045237 

sin 0\ 2 

0.2210 

0.001600 

0.2210 

0.0001 

sind 33 /10 -4 

30.4768 

5.000000 

30.4759 

-0.0002 

sin#f 3 /T0 _3 

35.8578 

1.300000 

35.8589 

0.0008 

50 

60.0234 

14.000000 

60.0659 

0.0030 

K 2 )/10- 5 (eV) 2 

4.9589 

0.525640 

4.9591 

0.0005 

(m| 3 )/10- 3 (eV) 2 

1.5768 

0.315368 

1.5772 

0.0010 

sin 2 0\ 2 

0.2944 

0.058887 

0.2945 

0.0010 

sin 2 e r 23 

0.4655 

0.139659 

0.4659 

0.0028 

sin 2 6y S 

0.0255 

0.019000 

0.0254 

-0.0031 

Zy, 

0.962784 

0.963175 

0.963178 


z d 

0.957237 

0.957633 

0.957635 


Z p 

0.934668 

0.935066 

0.935071 


Z S 

0.951320 

0.951693 

0.951699 


Zq 

0.973177 

0.973598 

0.973601 


Zl 

0.956147 

0.956573 

0.956576 


Zhi Zh 

0.000901 

0.001284 



Ot\ 

0.171 + 0.00* 

«i 

0.134 + O.OOi 


O' 2 

-0.485 - 0.451i 

0L2 

—0.537 — 0.152i 


OL 3 

-0.121 - 0.602i 

«3 

—0.612 - 0.221* 


04 

0.153 -0.265i 

a 4 

0.471 - 0.09i 


CC 5 

—0.019 + 0.060i 

Oi 5 

-0.037 - 0.059i 


& 6 

-0.040 - 0.236i 

<4 6 

0.004 — 0.110* 



Table 4.6: Fit 1 with xx = \ = 0.0794. Target values, at Mx of the 

y i l ' 

fermion Yukawa couplings and mixing parameters, together with the estimated uncertain¬ 
ties, achieved values and pulls. The eigenvalues of the wavefunction renormalization for 
fermion and Higgs lines are given with Higgs fractions cci,cb which control the MSSM 
fermion Yukawa couplings. 
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Parameter 

SM(M Z ) 

m GUT (M z ) 

m MSSM _ _|_ Am) GUT (Mz) 

m d / 10 -3 

2.90000 

0.96198 

2.90145 

Co 

O 

1 

CO 

55.00000 

34.51146 

55.27487 

m b 

2.90000 

2.46374 

2.95452 

m e / 10~ 3 

0.48657 

0.48374 

0.48402 


0.10272 

0.10222 

0.10228 

m T 

1.74624 

1.72797 

1.72682 

m u / 10“ 3 

1.27000 

1.12553 

1.27181 

rn c 

0.61900 

0.54834 

0.61960 

m t 

172.50000 

147.29259 

172.36306 


Tabic 4.7: Fit 1 : Values of the SM fermion masses in GeV at Mz compared with the 
masses obtained from values of GUT derived Yukawa couplings run down from Mx to Mz 

r$ ( m MSSM_ 


both before and after threshold corrections. Fit with \Z = W 


„SM\2 


( m MSSMj2 


= .0234. 


Parameter 

Value 

Parameter 

Value 

Mi 

132.41 


5433.34 

m 2 

260.08 

m ~u 2 

5435.12 

M 3 

900.00 

m ~u 3 

38053.13 

771 f 

17466.95 

A m 

-8987.41 

rrif 

12 

17545.48 

A 22 

-8977.63 

m h 

33074.48 

A m 

^33 

-6202.67 

m U 

9270.57 

4O (u) 

^11 

/lO(u) 

A 22 

-9976.33 

m L 2 

9344.03 

-9976.12 

m L 3 

21841.66 

/\0{u) 

^33 

-5835.50 


13413.69 

4O (d) 

-9998.92 

rrij 

d 2 

13418.47 

A m 

A 22 

-9998.43 

m s 3 

28449.38 

Md) 

^33 

-6484.53 

m Qi 

12775.38 

tan /3 

51.00 

m Q 2 

12778.24 


76197.57 

m Q 3 

34335.50 

B(M Z ) 

1.8027 x 10 8 

Ml 

-4.2990 x 10 9 

Ml 

-6.1500 x 10 9 


Table 4.8: Fit 1 : Values (in GeV) of the soft Susy parameters at Mz (evolved from the 
soft SUGRY-NUHM parameters at Mx) which determine the Susy threshold corrections 
to the fermion Yukawas (M Susy = 2.89 TeV). 
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Field 


Mass(GeV) 


Mg 

M x ± 
M x o 
M p 
Mg 
M u 

M d 

M a 

m h ± 

M h 

M h 


900.00 

260.08,76197.65 

132.41, 260.08, 76197.62, 76197.62 
9270.348, 9343.811, 21841.570 
9270.69,17467.00, 9344.11,17545.56, 21840.17, 33075.53 
5433.23,12775.27, 5435.00,12778.13, 34335.69, 38053.43 
12775.51,13413.72,12778.34,13418.53, 28445.36, 34338.89 

95903.61 

95903.65 

95903.61 

90.40 


Table 4.9: Fit 1 : Tree level spectra of supersymmetric partners calculated ignoring 
generation mixing effects. 


Field 


Mass(GeV) 


Mg 

M x ± 
M x o 
M d 
Me 
Mu 

M~ d 

M a 

M h ± 

M h 

M h 


1174.85 

297.42,82465.86 

141.08, 297.27, 82465.83, 82465.83 
11506.049,11573.595, 24714.071 
11506.29,14622.41,11573.76,14725.34, 24712.40, 33944.89 
9584.69,12249.73, 9585.36,12253.39, 34217.01, 34917.59 
12248.89,12251.97,12250.38,12260.36, 34536.37, 34896.71 

46913.36 

46913.38 

46913.56 

127.00 


Table 4.10: Fit 1 : Loop corrected spectra of supersymmetric partners calculated ignoring 
generation mixing effects. 
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Field 


Mass(GeV) 


Mg 

M x ± 
M x o 
Mi p 
Me 

M a 

M h ± 

M h 

M h 


1174.85 

297.55,81878.03 

141.11, 297.40, 81878.00, 81878.00 
11443.477,11510.892, 24614.190 
11443.72,14720.30,11511.06,14821.88, 24612.54, 33887.74 
9484.66,12272.04, 9485.34,12275.64, 34327.99, 34878.81 
12271.74,12292.45,12274.80,12299.65, 34375.94, 34845.54 

44572.62 

44570.38 

44570.54 

124.90 


Table 4.11: Loop corrected spectra of supersymmetric partners calculated ignoring two 
loop tadpoles and two loop corrections to CP-odd pseudo scalar and neutral Higgs. 
/r=75664.64 and 5=1.7528 x 10 8 . 


all from Ma is included on the grounds that large Ma{» 500 GeV) corresponds 
to high fine tuning (as noted on the SuSpect webpage [119j : comment on bug in 
Version 2.43). However the actual corrections [83] are proportional to M\ and can 
be as large as 100%! Fortunately the subroutines from SPheno used by us include 
the complete corrections of [83] . 

We are still searching for fits with light smuons so as to keep open the possibility 
of muon g-2 anomaly resolution and as DM co-annihilation channel. 
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Parameter 

Value 

Field 

Masses 


[5C(3), SU(2), Y] 

(Units ofl0 16 GeV) 

Xx 

0.0986 

41,1,4] 

1.53 

Xz 

.0206 

5[6,2,5/3] 

0.0762 

/in/10- 6 

5.5774 

48,2,1] 

0.99,2.47,5.06 

^ 22/10 4 

4.6169 

D[ 3, 2,7/3] 

0.11,3.48,5.93 

^33 

0.0240 

43,2,1/3] 

0.10,0.72,1.90 

/ 11 / 10- 6 

-0.0179 + 0.2696* 


1.898,2.78,5.25 

/ 12 / 10- 6 

-1.3919 -4.0550* 

41,1,2] 

0.23,0.57 

/ 13 / 10- 5 

0.2657 + 0.0487* 


0.57,3.26 

/ 22 / 10- 5 

8.7306 + 6.8038* 

41,1,0] 

0.016,0.15,0.54 

/ 23 / 10- 4 

—0.0063 + 2.3851* 


0.542,0.65,0.69 

/ 33/10 ^ 

-1.0545 + 0.7715* 

Mi, 2 , 1 ] 

0.299,2.25,3.46 

gi2/io~ 4 

0.2210 + 0.1157* 


4.82,23.74 

f?i 3 /io- 5 

-7.3381 + 1.6935* 

/[3,1,10/3] 

0.24 

W 10- 4 

-0.3245 - 1.9495* 

43,1,4/3] 

0.216,0.55,1.22 

V 

h- 4 
O 

1 

to 

—4.2087 + 0.69117 


1.22,3.63 

V 

—0.2959 + 0.0877* 

43,1,8/3] 

1.84,3.54 

p 

0.5579 - 0.2820* 

L[ 6,1,2/3] 

1.80,2.41 

k 

0.1661 + 0.1028* 

s? 

1 — 4 

OO 

,00, 

2.00 

C 

0.9140 + 0.7588* 

46,1,4/3] 

1.89 

C 

0.2446 + 0.6802* 

41,3,2] 

2.61 

m/10 16 GeV 

0.0091 

-P[3, 3, 2/3] 

0.65,3.53 

me/10 16 GeV 

-2.280e" iAr9(A ) 

4M,0] 

0.198 

7 

0.2136 

R[ 8 , 1 , 0 ] 

0.08,0.26 

7 

-3.6511 

41,3,0] 

0.3049 

X 

0.7881 + 0.5686* 

*[3,1, 2/3] 

0.20,0.48,0.90,2.5 


0.68 


3.90,4.31,26.3 

ATot,Agu T 

-20.5212,-23.2360 

43,3,4/3] 

0.257 

{AaT ot ,Aa 6UT }(M z 

) -0.0126,-0.0024 

41,2,3] 

0.199 

M^/lO^GeV 

0.001057,2.68,55.62 

W[ 6, 3, 2/3] 

1.89 

M//10-'°eV 

3.2,8108.4,168413.3 

*[3,2, 5/3] 

0.067,2.112,2.112 

M u ( meV) 

1.551304, 7.26,40.66 

46,2,1/3] 

0.09 

{Evals[f]}/10~ 6 0.02572, 65.14,1352.43 

48,1,2] 

0.26 

Soft parameters 

mi = 269.969 

2 

m 0 = 10781.649 

A 0 = -1.1 x 10 4 

at J 14 

li A 7.49 x 10 4 

B = -3.04 x 10 s 

tan/ = 52.00 


M| = -4.79 x 10 9 M 

2 = -7.12 x 10 9 

Rbr = 8.3509 

Max( Labcd 1, Rabcd ) 

6.08 x 10- 22 GeV 1 



Susy contribution to 

M Susy = 2.92TeV 



Ax,G,3 

A^ usy = -0.236 

A/ sy = 2.715 

Aa| usy = -0.010 


Table 4.12: Fit 2 : Values of the NMSGUT-SUGRY-NUHM parameters at Mx derived 
from an accurate fit to all 18 fermion data and compatible with RG constraints. Unification 
parameters and mass spectrum of superheavy and superlight fields are also given. 
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Parameter 

Target = O t 

Uncert. = 4; 

Achieved = O, 

Pull - {Oi " 0i) 

yj io- e 

2.105633 

0.804352 

2.106028 

0.000491 

yd io - 3 

1.026362 

0.169350 

1.023794 

-0.015164 

in 

0.353072 

0.014123 

0.353092 

0.001457 

yd io - 5 

10.797324 

6.294840 

10.836219 

0.006179 

yd io ~ 3 

3.338681 

1.575858 

3.354115 

0.009794 

yb 

0.295397 

0.153311 

0.302034 

0.043295 

yd io ' 4 

1.137030 

0.170555 

1.134298 

-0.016021 

yd io - 2 

2.401591 

0.360239 

2.417193 

0.043310 

yr 

0.482274 

0.091632 

0.475882 

-0.069758 

sin 0\ 2 

0.2210 

0.001600 

0.2210 

0.0013 

sind 33 /10 -4 

30.3657 

5.000000 

30.3818 

0.0032 

sin#f 3 /T0 _3 

35.7272 

1.300000 

35.7345 

0.0056 

50 

60.0233 

14.000000 

60.1448 

0.0087 

K 2 )/10- 5 (eV) 2 

5.0314 

0.533331 

5.0255 

-0.0112 

(m| 3 )/10- 3 (eV) 2 

1.6024 

0.320485 

1.6005 

-0.0061 

sin 2 0\ 2 

0.2941 

0.058822 

0.2937 

-0.0073 

sin 2 e r 23 

0.4633 

0.138994 

0.4644 

0.0082 

sin 2 6y S 

0.0253 

0.019000 

0.0251 

-0.0091 

Zy, 

0.958403 

0.958864 

0.958865 


z d 

0.952087 

0.952552 

0.952554 


Z p 

0.926894 

0.927369 

0.927371 


Z S 

0.945850 

0.946302 

0.946305 


Zq 

0.969638 

0.970131 

0.970133 


Zl 

0.950771 

0.951258 

0.951260 


Zhi Zh 

0.000672 

0.001274 



Ot\ 

0.163 - 0.00* 

Oil 

0.114-0.00* 


O' 2 

-0.44 - 0.522i 

OL2 

-0.495 - 0.193* 


OL 3 

-0.052 - 0.517* 

«3 

-0.509 - 0.247i 


04 

0.334 -0.216* 

a 4 

0.59 + 0.042i 


CC5 

—0.03 — 0.006i 

Oi 5 

—0.032 — 0.137* 


& 6 

-0.028 - 0.277i 

Oi 6 

0.015-0.121* 



Table 4.13: Fit 2 with xx = \ Y1 L Znj2±— = 0.0986. Target values, at Mx of the 

y i =l 1 

fermion Yukawa couplings and mixing parameters, together with the estimated uncertain¬ 
ties, achieved values and pulls. The eigenvalues of the wavefunction renormalization for 
fermion and Higgs lines are given with Higgs fractions oti,cii which control the MSSM 
fermion Yukawa couplings. 
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Parameter 

SM(M Z ) 

m GUT (M z ) 

m MSSM _ _|_ Am) GUT (Mz) 

m d / 10 -3 

2.90000 

1.09359 

2.90288 

Co 

O 

1 

CO 

55.00000 

33.84880 

55.12840 

m b 

2.90000 

2.46581 

2.94708 

m e / 10~ 3 

0.48657 

0.48450 

0.48488 


0.10272 

0.10320 

0.10327 

m T 

1.74624 

1.72938 

1.72822 

m u / 10“ 3 

1.27000 

1.13124 

1.27398 

rn c 

0.61900 

0.54992 

0.61931 

m t 

172.50000 

147.89942 

172.73656 


Tabic 4.14: Fit 2 : Values of the SM fermion masses in GeV at M z compared with the 
masses obtained from values of GUT derived Yukawa couplings run down from Mx to M z 

r 9 ^ m MSSM_ 


both before and after threshold corrections. Fit with \z = W 


„SM\2 


( m MSSMj2 


= .0206. 


Parameter 

Value 

Parameter 

Value 

Mi 

117.91 


3840.82 

m 2 

231.79 

m ~u 2 

3842.97 

M 3 

800.05 

m ~u 3 

35037.40 

mt 

15569.94 

A m 

-7954.28 

rrif 

12 

15650.58 

4°(0 

A 22 

-7944.94 

m h 

30854.82 

A m 

^33 

-5342.45 

m U 

7850.18 

4 O (u) 

^11 

4°(“) 

^22 

-8933.50 

m L 2 

7929.53 

-8933.32 

m L 3 

20331.96 

4 0 (u) 

^33 

-5164.69 


11787.72 

4 o(rf) 

-8852.66 

mt 

d 2 

11792.39 

40 (d) 

^22 

-8852.22 

m s 3 

26506.85 

4 0 (d) 

^33 

-5605.50 

m Qi 

11197.93 

tan (5 

52.00 

m Q2 

11200.73 


69679.92 

m Q 3 

31725.86 

B(M Z ) 

1.4655 x 10 8 

Ml 

-3.6171 x 10 9 

Ml 

-5.1774 x 10 9 


Table 4.15: Fit 2 : Values (in GeV) of the soft Susy parameters at Mz (evolved from the 
soft SUGRY-NUHM parameters at Mx) which determine the Susy threshold corrections 
to the fermion Yukawas (M Susy = 2.92 TeV). 
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Field 


Mass(GeV) 


Mg 
M x ± 
M x o 

Mg 

Mi 

M a 

M h ± 

M h 

M h 


800.05 

231.78,69680.01 

117.91, 231.78, 69679.97, 69679.98 
7849.919, 7929.269, 20331.856 
7850.32,15570.00, 7929.62,15650.67, 20330.35, 30855.95 
3840.66,11197.80, 3842.81,11200.61, 31726.08, 35037.73 
11198.08,11787.75,11200.84,11792.46, 26502.28, 31729.75 

87313.43 

87313.47 

87313.43 

90.47 


Table 4.16: Fit 2 : Tree level spectra of supersymmetric partners calculated ignoring 
generation mixing effects. 


Field 


Mass(GeV) 


Mg 

M x ± 
M x o 
M d 
Mg 
Mu 
Mi 
M a 
M h ± 
M h 
M h 


1046.78 

264.60, 75524.08 

125.28, 264.44, 75524.04, 75524.04 
9970.212,10040.719, 22929.231 
9970.50,12962.67,10040.90,13067.75, 22927.44, 31698.40 
8060.81,10699.37, 8061.49,10702.88, 31650.65, 32370.72 
10698.71,10701.36,10699.79,10709.91, 32068.70, 32371.52 

42900.74 

42900.76 

42900.90 

127.00 


Table 4.17: Fit 2 : Loop corrected spectra of supersymmetric partners calculated ignoring 
generation mixing effects. 
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Field 


Mass(GeV) 


Mg 

M x ± 
M x o 
M 0 
Me 
Mu 

Ma 

M a 

m h ± 

M h 

M h 


1046.78 

264.73,75039.61 

125.32, 264.56, 75039.57, 75039.58 
9903.666, 9974.010, 22818.584 
9903.95,13064.36, 9974.20,13167.78, 22816.81, 31624.16 
7951.10,10722.79, 7951.80,10726.22, 31729.56, 32294.13 
10722.63,10744.40,10725.47,10751.32, 31874.24, 32275.46 

40376.80 

40373.97 

40374.08 

124.85 


Table 4.18: Loop corrected spectra of supersymmetric partners calculated ignoring two 
loop tadpoles and two loop corrections to CP-odd pseudo scalar and neutral Higgs. 
/r=69242.22 and 5=1.4198 x 10 8 . 


Parameter 

Value 


Fit - 1 

Fit - 2 

r p (M + P) 

7.28 x 10 34 

1.39 x 10 35 

T(p — y n + u) 

1.71 x HT 36 

6.71 x 10" 37 

BR(p ->■ 7T + Pe )MiT ) 

{5.15 x 10" 3 , 0.007, 0.987} 

{.013,0.006,0.981} 

r( P —>• k+p) 

1.20 x 10" 35 

6.544 x 10~ 36 

BR(p ->• K + i? e ^ T ) 

{6.36 x 10" 3 , 0.049, 0.944} 

{8.93 x 10“ 3 , 0.031, 0.96} 

r p (M°l+) 

2.369 x 10 36 

3.412 x 10 36 

T(p —>• 7T°1 + ) 

2.713 x 10- 37 

1.717 x 10- 37 

BR(p —> 7r°{e + , /i + , r + }) 

{2.246 x 10~ 3 , 0.498, 0.499} 

{1.00 x 10" 3 , 0.498, 0.50} 

T(p —>• K°l+) 

4.013 x 10' 38 

5.146 x 10~ 38 

BR(p K°{e + ,/i + ,r+}) 

{.119,0.119,0.76} 

{.146,0.479,0.375} 

T(p —>• r/°l + ) 

1.106 x 10- 37 

6.99 x 10“ 38 

BR(p —> rj°{e + , /i + , r + }) 

{2.241 x 10~ 3 , 0.498, 0.499} 

{9.9 x 10~ 4 , 0.499, 0.501} 

T n (M°9) 

5.96 x 10 34 

9.792 x 10 34 

T(n —> 7T°P) 

8.56 x 10- 37 

3.369 x 10“ 37 

BR(n ->• vr°P e , M ,r) 

{5.15 x 10" 3 , 0.007, 0.987} 

{.013,0.006,0.981} 

r(n K°P) 

1.59 x 10- 35 

9.87 x 10“ 36 

BR(n ->• K°P eiAtjr ) 

{6.54 x 10" 3 , 0.001, 0.992} 

{.013,0.011,0.976} 

T(n —» rfv) 

7.947 x 10” 39 

5.157 x 10~ 39 

BR(n ->■ rfv e ^ T ) 

{.226,0.517,0.255} 

{.335,0.226,0.44} 


Table 4.19: Table of d=5 operator mediated proton and neutron lifetimes T P;n (yrs), decay 
rates r(yr _1 ) and branching ratios in the different channels. 




Chapter 5 


Lepton Flavour Violation 


5.1 Introduction 

The SM renormalizable Lagrangian respects four global U(l) symmetries (individual 
family lepton numbers L e , L r and B). Right handed neutrinos are absent by 
choice in the SM. Without including non-renormalizable operators, neutrinos remain 
massless in the SM. However it is clear from the neutrino oscillation data that 
neutrinos are massive and their flavour states mix with each other. Therefore it is 
confirmed that lepton flavour is violated in nature. Most mechanisms for generating 
neutrino masses inevitably lead to lepton number violation and the simplest one is 
the so called ‘seesaw mechanism’. SO(IO) GUTs can naturally accommodate seesaw 
and Susy together since they embed the minimal Susy LR models which have high 
scale breaking of B-L symmetry Ed EE1 ESI EDI HU- In Susy GUTs lepton flavour 
violation (LFV) in the neutrino sector generates LFV in the charged lepton sector. 

Besides explaining smallness of neutrino masses, another attractive feature of 
the seesaw mechanism is that it provides a natural mechanism for generating the 
observed baryon asymmetry of the universe through leptogenesis. Once the MSSM 
is extended with three right handed neutrinos, the lepton number asymmetry can 
arise via a lepton number and CP violating out of equilibrium decay of the right 
handed neutrino. This can be followed by processing of the net lepton number 
into baryon asymmetry via sphaleron processes at scales near to but higher than 
M z [60j. The E821 experiment [ 120] at Brookhaven National Laboratory observed 
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a significant deviation of the muon g-2 from its SM prediction. This observation 
provides hint for physics beyond SM . In Susy GUTs extra contribution to muon g-2 
than SM will come from loop diagrams involving Susy particles. In this chapter we 
discuss rare muon decay in extended SM and lepton flavour violation in Susy-GUTs 
and in particular NMSGUT predictions for mentioned lepton sector observables. 


5.2 Standard Model Muon Decay 


Muon decay (ji —» evgpy) in the SM is mediated by W ± gauge bosons. Due to 
suppression of heavy gauge boson propagation this decay is represented as point like 
4-fermion interaction governed by the interaction Lagrangian 


G 

£ini = "yf [e^O- - - TbM 


2 

Here Gf(= 1v /| M 2 ) is Fermi constant . 


(5.1) 


r(/x eUeUfj) 


G%mj 

192tt 3 


(5.2) 


The n —y eVeV^ channel accounts for nearly 100 % of the muon decay width. 
However many other channels for muon decay width are conceivable in the SM and 
beyond. For example the diagram |5. 1| accounts for the lepton flavour violating decay 
H —> ey in the SM supplemented by Majorana mass term for neutrino mass (coded 
in the Weinberg operator ((Ad u )GLiHLjH). Decay rate and branching ratio (BR) 
are given by : 


F(a 4 -> ey) 


Gpm^ 3a 
192vr 3 327T 



(5.3) 


->• ey) = 


F(/i ->• ey) 


a 


( Am 2 


~ 10 


-55 


(5.4) 


F(/i eu e u fJ ') 2 tt \ 

Here U is the neutrino mixing matrix, Am 2 is neutrino mass square difference param¬ 
eter and Mw is mass of W-boson. SM predicts unmeasurable BR for /j —> ey even 
after the introduction of neutrino masses and mixing. MEG experiment [66] (and 
several others m [68] 1 have provided an improved upper bound on BR for rare 
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W 



Figure 5.1: Feynman diagrams representing SM p —> ey decay 


LFV decay processes (see Table 5.1). One needs to include the contribution of new 


physics (beyond SM) to get BR comparable to the experimental limit. 


5.3 LFV in Supersymmetric GUTs 


The SM extensions predict lepton flavour violation. In the unified scenario LFV 
has been studied by Barbieri et al. considering large top Yukawa couplings [(TI, RTS] . 


Process 

Present Upper Bound 

/i — * ey 

5.7 x 10~ 13 

t — * /ry 

4.4 x 10“ 8 

r —> ey 

3.3 x 10" 8 

/i — » eee 

1.0 x 10- 12 

r —> eee 

2.7 x 10" 8 

T — >■ /i/i/i 

2.1 x 10" 8 


Table 5.1: Experimental upper bound [66lEZl!68j for the BR of LFV processes. 
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The main consequence of the seesaw mechanism in supersymmetric theories is the 
violation of lepton number in the scalar sector leading to rare lepton flavour violat¬ 
ing decays. Many groups have discussed this issue considering different frameworks 

However NMSGUT also predicts neutrino Yukawa 
coupling like the Yukawa couplings of other SM fermions. LFV ultimately origi¬ 
nates from the neutrino Yukawa coupling, because neutrino Yukawa couplings in 
general are not diagonal in the basis in which charged lepton Yukawa coupling and 
right-handed neutrino mass matrix are diagonal. The off-diagonal neutrino Yukawa 
couplings will give rise to LFV in the soft slepton masses through the RGEs [63] 1121 ] . 
Lepton flavour violation will be generated through the RGE even if the supersymme¬ 
try breaking mechanism at the high scale conserves flavour as it does in mSUGRY. 
Leptonic superpotential of the MSSM + three right handed neutrino is given by :- 



(5.5) 


Here H u and H d are MSSM Higgs doublets whose VEVs generate mass of the up- 
type and down-type fermions, ( Y e , Y v ) are charged lepton and neutrino Yukawa 
couplings and M 1 ' is right handed neutrino Majorana mass. In Susy-GUTs, right- 
handed neutrino Yukawa couplings generate lepton flavour violation in the soft Susy 
breaking lagrangian 


- 4oft = + (mViAipRj 

J r(A e i j&RiHdLRj + A u % jVriiH u Lii 3 + h.c .) 


(5.6) 


where the L, 5r and ur are the leptons Susy partners (sleptons). The parameters 
(m|, ml) and ( A e , A u ) are slepton’s soft mass matrices squared and trilinear cou¬ 
plings. Additional contribution by neutrino Yukawa couplings to the one loop RGE 
of the slepton masses (m|) is given by [63] 
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The leading contribution to the off-diagonal entries of the slepton mass squared 
matrix can be estimated as [B 3 j 


A (™|)ij - 


2 ml + M 2 


H 


+ A 2 n 


87T 2 


k 


(Y:) ik (Y u ) jk log 


M 


x 


Mi 


(5.8) 


The flavour violation in the slepton sector contributes through the one loop diagrams 
to charged flavour violating processes such as rare muon and tau decay (/j —* ey, r —* 
/ 17 , r —» e, e, e etc.) and yields BR : 


BR(Zj —)■ Ijy) ~ 


« 3 (Kk ) 2 

G 2 , Af| 


(5.9) 


Where ck is fine structure constant and Ms is Susy particles mass scale. Feynman 





Figure 5.2: Feynman diagrams representing the contribution of neutralino — slepton 
and chargino — sneutrino loop for the process U —y Ifj. The photon line is to be 
attached on each of the charged particle lines. 


diagrams contributing to these processes are shown in Fig. |5.2| The upper bounds 
on BR of these processes may constrain very strictly the elements of soft mass 
matrices. It is important to estimate these LFV rates from NMSGUT on the basis 
of fits of the fermion data. To estimate LFV, one needs to consider the effect of 
right handed neutrino evolution upto their mass scale which we will discuss in the 
following section. 
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5.4 NMSGUT LFV Predictions 


In NMSGUT using the formulae of Eq. (2.44) Yukawa couplings of SM fermion 


and neutrino are calculated. Then GUT scale threshold corrections (discussed in 
Chapter [3]) are applied to the tree level Yukawas (see Eq. 3.32). At GUT scale right 
handed neutrino are present in the theory (along with the other fermions) which 
need to be integrated out below their mass scale. We shift to the right handed 
neutrino and charged lepton diagonal basis by redefining the fields : 


Y' = U t Y 

1 v V 1 v 


Y'e = V e T Y e Ue 


M° = UlM- v U- v 


(5.10) 


Here Yf (/ = u, e) is threshold corrected Yukawa coupling, redefined in a basis 
where kinetic terms have canonical form. 


5.4.1 Right Handed Neutrino Thresholds 

We incorporated the three thresholds associated with the heavy right handed neu¬ 
trino masses in the theory. For this neutrino Dirac coupling is progressively in¬ 
troduced [127 ] on passing these thresholds when going higher in energy and right 
handed neutrino are decoupled one by one going the other way. 

k (2) j y(2) and m ( 2 ) k (3) j y(3) and m (3 ) Fu11 Theory yy m d 

MSSM + Pi ^ MSSM + Pi, P 2 ' ^ MSSM + ifi, P 2 , v* 

v V 

EFT2 EFT3 

To do this one needs to consider different effective theories (EFTs) in each of the 
energy ranges defined by right handed neutrino masses. We use the RGEs of the 
MSSM parameters extended with three right handed neutrino superfields [128] upto 
the energy scale of the lightest right handed neutrino by using the matching con¬ 
dition at the thresholds of right handed neutrino as discussed below. Along with 
these parameters we also consider the running [ 129] of dimension five (Weinberg [9]) 
operators which provide effective neutrino mass matrices below successive heavy 
mass thresholds. In the full theory there is no k (coefficient of dimension five oper¬ 
ator). Once third generation right handed neutrino is eliminated, a dimension five 


MSSM, 

-V-' 

EFT1 
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Weinberg operator will appear in the theory. Leptonic superpotential in the above 
discussed basis is: 


Wi ep = e T A YX B e B + v j a Y v ab v B - -v l A M v AA v A 


Tvv 


-T n ju 


(5.11) 


here A, B = 1,2,3 are generation indices. Split. A, B into a, 3 and b, 3 where a, 
b run from 1 to 2. At scale Mg we diagonalize the mass matrix of right handed 
neutrinos. Writing only last 2 terms of the superpotential (Eq. |5.11 ) with indices 
a, b and 3 in right handed diagonal basis : 


Wf e ; = U T a Y: h V b + P 3 T Kj>3 + i$Y&a + 3 

- ipj a/:?,!':; 


(5.12) 


By solving the superpotential equation of motion for the heavy singlet v-$ to leading 
order in (M"p ^ we get 


^3 = 


+ Y'Ly _ Y" a v a 


M 


33 


M 


33 


(5.13) 


Substituting back in (5.12) the effective superpotential is given by 


W'.// = I',r- bj Moat'd + V T a Q I Bb 


(5.14) 


From third term we identify the coupling in EFT3 


4b = tnas 


(5.15) 


This condition should be imposed at /j = Mg (largest eigenvalue of M"). Now the 
Yukawa matrix Y a ® is 2 x 3 and is 2 x 2. 


TI/EFT3 _ -Ty(3) 1 c l\/[(3) -c , T (3) 

” e// ~ U a *aB V B ~ A ^a IV1 ab U b + U A^ A B U B 


(5.16) 


In the full theory light neutrino mass matrix is given by 
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m 


FT 

V 



(5.17) 


After integrating out rq 


m 


•™ = «v 3 > + Au (3) ) T (*f (3) )j 1 u <3) 


(5.18) 


Another way of calculating b^ 3 ’ is to compare m u in both the theories at /i = M 3 
because light neutrino mass matrix in both the theory should match (m FT = m FFT3 ) 
at right handed neutrino threshold. By evolving the RGEs down to the scale , 
one has to repeat the same procedure. After integrating out ^2 at fi = M%, the 
Yukawa matrix and the effective neutrino mass operator are further modified. At 


Scale M% superpotential is given by Eq. (5.16). Again using the superpotential 
equation of motion for u 2 effective superpotential is given by 


Wfjp = -1 


k AB — 


+ V A | 


V 2 M 2 ( 2 3) 


+ k (3) 

+ k ab 

2 M 2 { 2 3) 


+ ) U B 


m FFT2 = ^V 2) + y(yJ 2 )) r (M( 2 ))r 1 yj 2 ) 


(5.19) 


(5.20) 

(5.21) 


Again k ^ can be obtained from matching of m FFT3 and m FFT2 at fi — M 2 . After a 
further RGE running to /i = Mj 2 , the above steps are repeated for V \, so that is 
given by 


k (1) - 
k ab ~ 


(Y^) T A1 Y 1B 


( 2 ) 


2 M- 


( 2 ) 

11 


+ k (2) 
+ k ab 


(5.22) 


TT/EFTl _ T (1J 
W eff ~ u A k AB U B 


(5.23) 


After this the effective theory is the MSSM [8T] with Weinberg operators giving all 
three light neutrino a mass so we use the RGEs of MSSM and n = ka 1 ' to run the 
parameters from M\ to Mz- Left handed neutrino masses at electroweak scale are 
given by 

m v = v 2 b(Mz ) 
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Parameter 

Value (at Mx) 


Without RHN 

With RHN 

Y u 

Y d 

Yi 

{2.082 x 10~ 6 ,1.014 x 10" 3 , 0.348} 
{9.269 x 10" 5 , 3.325 x 10" 3 , 0.291} 
{1.101 x 10" 4 , 2.328 x 10" 2 , 0.456} 

{2.076 x 10~ 6 ,1.002 x 10" 3 , 0.346} 
{8.303 x 10~ 5 , 3.516 x 10" 3 , 0.286} 
{1.225 x 10~ 4 , 2.294 x 10" 2 , 0.452} 

9i,92,93 

{0.728,0.734,0.728} 

{0.728,0.734,0.728} 


Tabic 5.2: Effect of right handed neutrino(RHN) thresholds on gauge and Yukawa 


couplings for the fit presented in Tables 5.10 5.15 


Soft Sector 


In the soft sector we have terms involving right handed sneutrino in addition to the 

/•MSSM 
"^soft • 


■^soft 


-cr + v*A(jn D ) A BVB + ( V A A U AB L B H + -u A (b M ) A B^B + h.c) (5.24) 


We treat heavy right handed sneutrino in the same way as their fermion partner. 
At each threshold we move to diagonal basis of the right handed neutrino. We 
apply the same rotation to the right handed sneutrino, because sparticle also follow 
superpotential equation of motion. In order to integrate out right handed sneutrino, 
we simply remove the last row and column from soft mass matrix in right handed 
neutrino diagonal basis. Similarly our trilinear coupling A v is modified at each 
threshold. These thresholds have very small effect on gauge and Yukawa unification 


as shown in Table 5.2 But these thresholds are important for lepton flavour violation 


phenomenology which is our next task. 


5.4.2 LFV Decay Rate 

The decay rates for these processes are calculated using the amplitudes depicted by 
Fig. p| and take the form 

—mf(|Vf + \A R \ 2 ) ; A PR = A (n) L ,R + A (c) L ,R 
167t 


T(/j — > Ij'y) 


(5.25) 
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Figure 5.4: Box diagrams for the process k —>■ 3 lj 


where A^ L,R and A^ L,R are the contributions from the neutralino and chargino 
loops respectively. In order to calculate these loop contributions one must write the 
interaction Lagrangian (fermion-sfermion-neutralino, fermion-sfermion-chargino) in 
the mass diagonal basis. To do this one needs to diagonalize the slepton mass 
matrices and to consider the mixing in the neutralino and chargino sectors. Fermion- 
sfermion-gaugino/higgsino interaction Lagrangian relevant to the /i — y ey, r —> ey 
and t n 7 processes is 
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C nt = k{N* x P R + N^ AX P L )x°Jx 

+h(C^ x P R + C^ ax Pl)xa^x + h.c. 


(5.26) 


One obtains 


J^(n)L _ 


1 1 

32tt 2 rri~ 

Lx 


l N ; 


jAX^iAX 


L * (1 — 6x + 3x 2 + 2x 3 — 6x 2 In x) 


+^axK2x 


6(1 — x) A 

R * M x° a (1 -x 2 + 2x\nx)-. 


m. 


(1 - x y 


(5.27) 


A(c)L _ 1 1 r r^L riL* (2 + 3y-6y 2 + y 3 + 6ylny) 

~ 32tt 2 m 2 x MjAx^ax 6(1-^ 

, r L r R* M x~a {-3> + 4y-y 2 ~2\ny), 
+C ^iAX m#i (1 _ y)3 J 


(5.28) 


j^(n)R _ j^{ri)L 


L-n-R 


j^(c)R _ j^{c)L 


L^R 


(5.29) 


Here x = M 2 0 lm% , y = M 2 ^,m 2 -, are ratios of neutralino mass squared to the 
xV bP y x A Ux 

charged slepton mass square and chargino mass squared to the sneutrino mass square 


respectively. The neutralino-slepton vertices used in the Eqns. 5.27 5.29 have form 


N, R ax = -4{(-0&-02i taiKVHtny + TT^ p- 
y/2 M w cos p 


ouu*y x ,i + 3} 


9 2 


N L - -—4 

iv iAX — / 77 I 


mu 


\/2 Mw COS /3 
Similarly chargino-sneutralino vertices are 


OUU%,< + 20 %, tan e w (U‘)‘ } 


CTax = -920^(U’)h 


C (TT*\v 


CiAX — ~92 


m h r\C m*\v 


\[2M W cos /3 


(mu’ 


'X,i 


(5.30) 

(5.31) 


(5.32) 

(5.33) 


The matrices O c , U l , U u and 0 N are the unitary matrices which diagonalize 
chargino, slepton and neutralino mass matrices respectively. Notice before diag- 
onalization slepton mass matrices are rotated to the diagonal fermion basis. The 
processes ^ —y 3 lj also involve same vertices. These have contributions from both 
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Penguin-type and box diagram given in Fig. 5.3 and 5.4 
decay rate can be found in 


Explicit expression for the 


5.5 Numerical Fit 


We used the solution sets presented in the previous chapter to calculate LFV. If we 
directly use these fits (which are found integrating out all the heavy right handed 
neutrinos at GUT scale) and run down hard and soft parameter using neutrino 
thresholds then soft Susy parameters at Mz are slightly changed as shown in Tables 


5.3| and |5.6[ but this give rise to different sparticle LR mixing. Low scale fermion 
masses for both the fits are given in Tables 5J3 and 5.8| Susy threshold corrections 
are sensitive to LR mixing, so down and strange quark masses (Susy threshold 
corrections modify them by factor of 3) do not match with MSSM data. Therefore 
we rerun multiple iteration search program using these solutions to get appropriate 
Susy threshold corrections to down type quarks. As shown RHN thresholds do not 
change Yukawa unification, so while running experimental data to get a target for 
GUT scale fitting we used the MSSM RGEs. We assume the normal hierarchy 
for the left handed neutrino. After some iteration, program found a reasonable 
fermion fitting at the low scale. The fitting criteria is same as discussed in previous 
chapters. We need off-diagonal running from GUT scale to EW scale to calculate 
BR for LFV processes. Since the loop corrections including generation mixing are 
not available, we use tree level spectrum to calculate BR for LFV processes. We 
calculate the loop corrected Susy spectrum using diagonal running corresponding 
to the same solutions to avoid possibility of tachyons after inclusion of one loop 
corrections. Loop corrected Susy spectrum for previous chapter fits taking into 
account the effect of heavy neutrino thresholds is presented in Tables 5.4| and 5/7 


BR for the LFV processes for these fits is given in Table |5.9 Complete solution 
with acceptable down type quark masses is presented in Table |5.1Q||5.15] and LFV 


BR is given in Table 5.16 For fitting purpose we have calculated the PMNS mixing 
angles at GUT scale which is permissible only if we integrate out all the heavy right 
handed neutrino at that scale. Since with the fixed hierarchy of left handed neutrino 
mixing angles do not change dramatically with RG evolution. 
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Parameter 

Value 

Parameter 

Value 

M 1 

132.46 

TOfi! 

5448.42 

m 2 

260.51 

m ^ 2 

5450.16 

m 3 

899.60 


37816.78 

rrij 

L i 

17463.31 

A 0 (l) 

^11 

-8989.22 

rrif 

17542.19 

A 0{1) 

A 22 

-8978.32 

rrif 

£3 

32843.01 

4O (i) 

^33 

4OG) 

^11 

-6123.23 

m L 1 

9267.41 

-9898.21 

m L 2 

9378.74 

4OW 

^22 

4 OH 

^33 

-9898.01 

m l 3 

23412.11 

-5795.95 

m l 

13416.10 

A 

/ill 

-10000.39 

m s 2 

13420.89 

A 

^22 

-9999.90 

m d 3 

28511.31 

40 G) 

^33 

-6488.84 

m Q 1 

12774.49 

tan (3 

51.00 


12777.36 

F(Mz) 

75869.67 

m Q 3 

34229.55 

B(M Z ) 

1.7771 x 10 8 

M 2 - 

H 

-4.3012 x 10 9 

Ml 

-6.0983 x 10 9 


Table 5.3: Values (in GeV) of the soft Susy parameters at Mz (evolved from the soft 
SUGRY-NUHM parameters at Mx) which determine the Susy threshold corrections to 
the fermion Yukawas for the Fit 1 of Chapter [4] including heavy neutrino thresholds. 


Field 


Mass (GeV) 


Mg 

M x ± 
M x o 

M p 
Me 
Mu 

M~ d 

M a 

M h ± 

M h 

M h 


1174.36 

298.03,82096.67 

141.16, 297.89, 82096.64, 82096.64 
11481.787,11580.152, 26082.412 
11482.03,14652.15,11580.32,14755.14, 26080.54, 33699.23 
9559.21,12256.54, 9559.87,12260.19, 34000.41, 34793.04 
12256.10,12267.83,12258.83,12275.49, 34484.99, 34785.22 

46231.20 

46231.22 

46231.39 

126.76 


Table 5.4: Loop corrected spectra of supersymmetric partners calculated ignoring gen¬ 
eration mixing effects for the Fit 1 of Chapter [4] including heavy neutrino thresholds. 
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Parameter 

SM(M Z ) 

m GUT (M z ) 

m MSSM _ _|_ Am) GUT (M z ) 

■m d / 10 -3 

2.90000 

0.96362 

1.48676 

m s / 1 CT 3 

55.00000 

34.56512 

53.08815 

m h 

2.90000 

2.46805 

2.96674 

m e /lCT 3 

0.48657 

0.48450 

0.48478 

m M 

0.10272 

0.10240 

0.10245 

m T 

1.74624 

1.72406 

1.72292 

m u / 10~ 3 

1.27000 

1.12199 

1.26776 

m c 

0.61900 

0.54662 

0.61764 

m t 

172.50000 

147.05640 

172.08579 


Table 5.5: Values of the SM fermion masses in GeV at M z compared with the masses 
obtained from values of GUT derived Yukawa couplings run down from Mx to Mz (for the 
Fit 1 of Chapter [4] including heavy neutrino thresholds) both before and after threshold 

/ 9 / rn MSSM_ Tr) SM'|2 

corrections. Fit with xz = \j E ^mssm^ — = 0.9516. 


Parameter 

Value 

Parameter 

Value 

Mi 

117.93 

m Sl 

3864.14 

M 2 

232.11 


3866.24 

m 3 

799.50 


34774.44 

rrif 

15566.41 

40(/) 

-7964.82 

rrif 

L 2 

15647.11 

4 o(0 

A 22 

-7954.65 

rrif 

30584.36 

A m 

^33 

-5286.11 

m ' Ll 

7847.40 

aO(u) 

^11 

-8865.38 

m L 2 

7959.05 

M 

A 22 

-8865.20 

m i 3 

21805.42 

aO(u) 

^33 

-5140.46 

n % 

11791.57 

4 O (d) 

A 11 

-8862.73 


11796.24 

to 0 

-8862.29 

m s 3 

26543.70 

40 (d) 

^33 

-5625.41 

m Qi 

11198.87 

tan /3 

52.00 

m Q2 

11201.66 

F(Mz) 

69411.39 

m Q 3 

31595.82 

B(M Z ) 

1.4439 x 10 8 

Ml 

-3.6225 x 10 9 

Ml 

-5.1348 x 10 9 


Table 5.6: Values (in GeV) of the soft Susy parameters at Mz (evolved from the soft 
SUGRY-NUHM parameters at Mx) which determine the Susy threshold corrections to 
the fermion Yukawas. The matching of run down fermion Yukawas in the MSSM to the 
SM parameters determines soft SUGRY parameters at Mx for the Fit 2 of Chapter [4] 
including heavy neutrino thresholds. 
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Field 


Mass(GeV) 


Mg 

M X ± 

M x o 

Me, 

M g 

Mu 

M^ 

M a 

M h ± 

M h 

M h 


1046.16 

265.08,75198.58 

125.32, 264.92, 75198.54, 75198.55 
9947.132,10043.320, 24208.033 
9947.42,12990.49,10043.51,13095.20, 24206.02, 31400.95 
8038.40,10707.75, 8039.08,10711.23, 31389.36, 32198.29 
10706.71,10717.49,10709.12,10724.95, 31979.96, 32224.47 

42237.34 

42237.36 

42237.49 

126.56 


Table 5.7: Loop corrected spectra of supersymmetric partners calculated ignoring gen¬ 
eration mixing effects for the Fit 2 of Chapter [4] including heavy neutrino thresholds. 


Parameter 

SM(M Z ) 

m GUT (M z ) 

m MSSM _ _j_ /\ m ) GUT (M z ) 

m d / 10 -3 

2.90000 

1.09275 

1.69684 

m s / 1CT 3 

55.00000 

33.82299 

52.55803 

m h 

2.90000 

2.46505 

2.92709 

m e / 10~ 3 

0.48657 

0.48414 

0.48450 

"V 

0.10272 

0.10312 

0.10319 

m T 

1.74624 

1.72120 

1.72004 

m u /10~ 3 

1.27000 

1.12569 

1.26768 

rn c 

0.61900 

0.54722 

0.61625 

m t 

172.50000 

147.39488 

172.15940 


Table 5.8: Values of the SM fermion masses in GeV at Mz compared with the masses 
obtained from values of GUT derived Yukawa couplings run down from Mx to Mz (for the 


Fit 2 of Chapter [4] including heavy neutrino thresholds) both before and after threshold 


corrections. 


Fit with xz = J E 


„MSSM_ 


„SM\2 


( m MSSMp 


= 0.7108. 
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Process 

Branching Ratio from NMSGUT 


Fit - 1 

Fit -2 

fi —> ey 

1.1906 x 10~ 18 

1.3544 x 10“ 18 

r —>• jjq 

1.2475 x 10~ 17 

9.1312 x 10“ 18 

t —> ey 

1.8641 x 10~ 19 

2.1977 x 10" 19 

/i —> eee 

1.8303 x 10~ 18 

3.2487 x 10~ 18 

t —y 

3.5397 x 10“ 19 

2.6097 x 10~ 19 

t —* eee 

6.8617 x IQ” 21 

8.1293 x IQ’ 21 


Table 5.9: BR of LFV processes. 


5.6 Anomalous Magnetic Moment of Muon 

Dirac magnetic moment of the muon corresponding to the tree level Feynman di¬ 
agram is equal to 2. Difference between the classical results and observed value is 
called anomalous magnetic moment denoted by a M . So, anomalous magnetic mo¬ 
ment of muon in the MSSM is a contribution of loops involving sparticles to the 
magnetic moment of the muon. The magnetic moment /7 of a muon is related to 
gyromagnetic ratio as 

* = 9 (^y) 3 = 2(1 + (£~J 3 '• ^ - 2) (534) 

Its SM prediction consists of three type of contribution from QED, hadronic loops 
and weak interactions 

a M (SM) = a u (QED) + a M (Had) + a^(Weak) (5.35) 

The precisely measured m magnetic moment of muon has a significant deviation 
ra from the theoretical prediction : 

Aa M = a M (exp) - a M ( SM) = 287(63)(49) x 10' 11 (5.36) 

The Amay thus represent the contribution of new physics beyond SM. Super- 
symmetry is one of the leading candidate for new physics. The deviation a M may be 
due to heavy sparticlc contributions [69]. 
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Parameter 

Value 

Field 

Masses 



[SC(3), SU(2), Y] 

(Units ofl0 16 GeV) 


Xx 

0.3907 

41,1,4] 

1.48 

Xz 

0.1495 

46,2,5/3] 

0.1074 

/Ui/ 10- 6 

6.7245 

48,2,1] 

0.92,2.49,5.58 

h'22 /10 4 

5.2504 

D[ 3, 2 , 7/3] 

0.06,3.64,6.61 

h'i'i 

0.0254 

43,2,1/3] 

0.14,0.75,2.01 

/n/io - 6 

—0.0922 + 0.2132? 


2.007,3.00,5.84 

/ 12 /IO - 6 

-2.2696 - 3.3813? 

41A,2] 

0.22,0.64 

/ 13 /IO - 5 

-0.0869 - 0.2560?: 


0.64,3.91 

/ 22 /IO - 5 

11.4395 + 7.9139? 

41,1,0] 

0.022,0.20,0.69 

/ 23 /IO 4 

-0.7711 + 3.7117? 


0.693,0.74,0.79 

/ 33 /IO ^ 

-1.4865 + 0.7342? 

Mi, 2 , 1 ] 

0.346,2.59,3.67 

W10- 4 

0.2283 + 0.1776? 


5.47,25.08 

to/10" 5 

-12.714 -5.964? 

J[3,1,10/3] 

0.34 

to/10- 4 

-0.6201 - 1.0201? 

43,1,4/3] 

0.294,0.52,1.30 

A/10~ 2 

-5.6613 + 0.3565? 


1.30,4.20 

V 

-0.2629 + 0.0792? 

43,1,8/3] 

1.90,4.19 

P 

0.7241 - 0.3943? 

46,1,2/3] 

1.75,2.82 

k 

0.5952 - 0.0681? 

M[ 6,1,8/3] 

1.86 

C 

0.9355 + 0.6921? 

46,1,4/3] 

1.76 

c 

0.3158 + 0.7630? 

41,3,2] 

2.49 

m/10 16 GeV 

0.0127 

43,3,2/3] 

0.68,3.84 

me/10 16 GeV 

-2.785e- iAr9(A ) 

48,3,0] 

0.268 

7 

-0.1239 

48,1,0] 

0.12,0.37 

7 

-3.5165 

41,3,0] 

0.4309 

X 

0.7949 + 0.6027? 

*[3,1, 2/3] 

0.25,0.52,0.87,2.67 


0.54 


4.28,4.56,27.50 

A™Ag UT 

-19.131,-22.039 

43,3,4/3] 

0.361 

{A«Tot, A «GUT }(Mz 

) -0.0126,-0.0022 

41,2,3] 

0.282 

M^/lO^GeV 

0.001112,2.97,91.23 

146,3,2/3] 

1.64 

Mf 7 /10- 10 eV 

1.8,4679.6,143542.9 

A[3, 2, 5/3] 

0.10,2.22,2.22 

M„(meV) 

1.153351,7.08,40.00 

46,2,1/3] 

0.12 

(Evals[f]}/10- 6 

.0213,56.99,1747.14 

48,1,2] 

0.37 

Soft parameters 

nn = 317.022 

2 

mo = 17260.604 

A 0 = -1.39 x 10 4 

at Mx 

/? = 1.05 x 10 5 

B = -4.86 x 10 8 

tan/3 = 51.0000 


M| = -9.8 x 10 9 

= -1.4 x 10 10 

R hr = 8.5386 

Max( Labcd 5 Rabcd ) 7.65 x 10 22 GeV 1 



Susy contribution to 

M Susy = 3.25 TeV 



Ax,G,3 

A^ usy = -0.241 

Ag sy = 2.908 

Aa s 3 uay = -0.010 


Table 5.10: Values of the NMSGUT-SUGRY-NUHM parameters at Mx derived from 
an accurate fit to all 18 fermion data and compatible with RG constraints. Unification 
parameters and mass spectrum of superheavy and superlight fields are also given. 
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Parameter 

Target = O t 

Uncert. = 4; 

Achieved = O; 

Pull - (Oi - 0i) 

yj io- e 

2.070378 

0.790884 

2.075721 

0.006756 

yd io - 3 

1.009175 

0.166514 

1.001722 

-0.044756 

Vt 

0.345391 

0.013816 

0.345835 

0.032130 

yd io - 5 

8.392364 

4.892748 

8.303114 

-0.018241 

2/./10- 3 

3.492497 

1.648459 

3.515603 

0.014017 

Vb 

0.281969 

0.146342 

0.286114 

0.028327 

l/e/10- 4 

1.100058 

0.165009 

1.125226 

0.152528 

i/m/10- 2 

2.323407 

0.348511 

2.293512 

-0.085780 

Vt 

0.461515 

0.087688 

0.451930 

-0.109316 

sin 0\ 2 

0.2210 

0.001600 

0.2210 

-0.0075 

sind^/lO -4 

30.5099 

5.000000 

30.4663 

-0.0087 

sin^/lO -3 

35.8968 

1.300000 

35.8938 

-0.0023 

50 

60.0238 

14.000000 

60.5468 

0.0374 

K 2 )/10- 5 (eV) 2 

4.8930 

0.518662 

4.8798 

-0.0255 

(m| 3 )/10- 3 (eV) 2 

1.5558 

0.311161 

1.5497 

-0.0195 

sin 2 d[ 2 

0.2945 

0.058890 

0.2886 

-0.0996 

sin 2 9 

0.4656 

0.139687 

0.4314 

-0.2451 

sin 2 6y S 

0.0255 

0.019000 

0.0290 

0.1819 

Zy, 

0.961662 

0.962167 

0.962171 


z d 

0.956080 

0.956593 

0.956596 


Z p 

0.933182 

0.933695 

0.933702 


Z S 

0.949936 

0.950417 

0.950426 


Zq 

0.972184 

0.972726 

0.972730 


Zl 

0.954853 

0.955402 

0.955406 


Zhi Zh 

0.001171 

0.001631 



Ot\ 

0.166 - 0.00/ 

Oii 

0.131-0.00/ 


O' 2 

-0.492 - 0.462/ 

OL2 

-0.551 - 0.156/ 


OL 3 

-0.122 - 0.592/ 

ot 3 

-0.603 - 0.222/ 


Cl 4 

0.145 - 0.26/ 

a 4 

0.466 - 0.088/ 


CC5 

-0.014 + 0.065/ 

H5 

-0.036 - 0.058/ 


OtQ 

-0.039 - 0.239/ 

<4 6 

0.005 -0.111/ 
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Table 5.11: Fit with \x = \ Y1 = 0.3907. Target values, at Mx of the 


i= 1 


fermion Yukawa couplings and mixing parameters, together with the estimated uncer¬ 
tainties, achieved values and pulls. The eigenvalues of the wavefunction renormalization 
for fermion and Higgs lines are given with Higgs fractions a*, <+ which control the MSSM 
fermion Yukawa couplings. 
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Parameter 

SM(M Z ) 

m GUT (M z ) 

m MSSM _ _|_ Am) GUT (M z ) 

m d / 10 -3 

2.90000 

0.86783 

3.39332 

Co 

O 

1 

CO 

55.00000 

36.74367 

55.05208 

rn h 

2.90000 

2.45010 

2.92919 

m e / 1CT 3 

0.48657 

0.49774 

0.49787 

m M 

0.10272 

0.10140 

0.10143 

m T 

1.74624 

1.71479 

1.71386 

m u / 10^ 3 

1.27000 

1.11735 

1.27186 

m c 

0.61900 

0.53922 

0.61378 

rn t 

172.50000 

146.60676 

172.52755 


Tabic 5.12: Values of the SM fermion masses in GeV at Mz compared with the masses 
obtained from values of GUT derived Yukawa couplings run down from Mx to Mz both 


before and after threshold corrections. 


Fit with xz = tl E 


( m i 


MSSM _ 


,SM\2 


(m. 


MSSM\2 


= 0.1495. 


Parameter 

Value 

Parameter 

Value 

M 1 

139.08 


9611.03 

M 2 

273.94 

m ~U2 

9612.67 

m 3 

941.89 

m n 3 

49603.05 

rrif 

11 

23415.65 

4°(0 

-10267.66 

m t 2 

23515.87 

4°(0 

^22 

-10255.53 

rrif 

l 3 

43323.72 

4 0 (i) 

^33 

-7063.33 

"V, 

13753.64 

/tO(w) 

^11 

-11188.30 

m U 

13882.30 

4O (u) 

^22 

-11188.05 

m u 

31213.03 

aO(u) 

^33 

-6589.55 

m A 

18412.68 

40(d) 

-11323.83 

m,= 

d 2 

18419.55 

4OG) 

^22 

-11323.20 

m s 3 

37754.82 

CO 0 

c°g 

-7403.99 


17659.29 

tan (3 

51.00 

m Q2 

17663.29 

H{M Z ) 

99537.13 

m Q3 

45002.01 

B(M Z ) 

2.7908 x 10 8 

Ml 

-7.5398 x 10 9 

Ml 

-1.0487 x 10 10 


Tabic 5.13: Values (in GeV) of the soft Susy parameters at Mz (evolved from the soft 
SUGRY-NUHM parameters at Mx) which determine the Susy threshold corrections to 
the fermion Yukawas. The matching of run down fermion Yukawas in the MSSM to the 
SM parameters determines soft SUGRY parameters at Mx ( M Suay = 3.25TeV). 
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Field 


Mass(GeV) 


M- a 
M x ± 
M x o 

Mg 

Mu 

M d 

M a 

M h ± 

M h 

M h 


941.89 

273.93,99537.20 

139.08, 273.93, 99537.17, 99537.18 
13753.492,13882.149, 31212.961 
13753.72, 23415.69,13882.35, 23515.93, 31211.82,43324.63 
9610.96,17659.21, 9612.61,17663.21,45002.16,49603.27 
17659.39,18412.70,17663.35,18419.60, 37751.68,45004.69 

119324.64 

119324.67 

119324.64 

90.31 


Table 5.14: Tree level spectra of supersymmetric partners calculated ignoring generation 
mixing effects. 


Field 


Mass(GeV) 


Mg 
M x ± 
M x o 
M u 
Mg 
M u 
Mi 
M a 
M h ± 
M h 
M h 


1259.36 

314.27,107937.67 

148.50, 314.14,107937.64,107937.64 
16243.435,16359.851, 34250.256 
16243.61, 20059.00,16359.96, 20183.25, 34248.81,44010.02 
13963.35,17100.49,13964.06,17105.21,44115.72,44720.70 
17100.52,17105.69,17103.78,17114.48,44482.14,44736.79 

59582.86 

59582.88 

59583.05 

127.17 


Table 5.15: Loop corrected spectra of supersymmetric partners calculated ignoring gen¬ 
eration mixing effects. 


Process 

Branching Ratio from NMSGUT 

H —> e7 

1.2740 x 10~ 19 

r —» ni 

1.9050 x 10~ 18 

r e 7 

4.7212 x 10- 20 

fi —> eee 

6.8500 x 10~ 19 

T —^ 

7.0904 x 10- 20 

r — » eee 

2.1471 x 10~ 21 


Table 5.16: BR of LFV processes. 
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5.6.1 Analytic Formulae 




Figure 5.5: Feynman diagrams for the lowest-order supersymmetric contribution to 


The lowest order supersymmetric contribution (a® uay ) to from sneutrino- 
chargino and smuon-neutralino loops [631 ESj is shown in Figure 5.5 


«r iL = a T+ a t 


where a* and a*° denote chargino and neutralino contribution, given as 


at = 


M 487r 2 m? 


m Tn u m~± 

“ (IChxl 2 + \C?ax\ 2 )F{(*ax) + ^Mtte[C2 AX Cu X ]F$(xAx) 


vx 


X° 

a* = 


m, 


(\N 2 L ax \ 2 + \N« ax \*)F?(x ax )- 


M 487r 2 m? 

H'X 


8^T 2 m% 

vx 

m u m^ o 

y Xa 

Sn 2 ml x 


(5.37) 


Re[Ni AX N%. x ]FZ(x AX ) 
(5.38) 

Here A=1...4 (1, 2) and X=l, 2 denote the neutralino (chargino) and smuon indices 
respectively. Variables of loop functions are defined as ratios of mass squares x A x = 
m 2 _ / rn f lm ( m |o / m o x ) for chargino (neutralino) contribution and loop functions have 
form : 


Fi(x) = 


(1 — x) 4 
3 


^ =(!*,)• 


(2 + 3x — 6x 2 + x 3 + 6x log x) 
(—3 + 4x — x 2 H—2 log x) 


(5.39) 


(5.40) 
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Fit 

Aa^/10- 10 

Fitl(4 th Chapter) 

0.0084 

Fit2(4 th Chapter) 

0.0111 

Fitl(5 th Chapter) 

0.0033 

Fitl(3 rd Chapter) 

10.6 


Table 5.17: Susy contribution to muon g-2. 


*!*(*) = 


(1 — x) 

F?{x) == 


(1 — 6x + 3x 2 + 2x 3 — 6x 2 log a;) 
3 

:(1 — X 2 + 2x logx) 


(1 -X) : 


(5.41) 


(5.42) 


It is clear from Eq. (5.38) that a® usy is sensitive to smuon mass and tan /3 ( terms 


linear in m^o,± in Eqns. (5.37) and (5.38) are proportional to it). Susy contribution 
to g-2 is completely independent of color sparticles at leading order. It requires 
sleptons as light as O(10 2 ) GeV and (g — 2)^ motivated LHC Susy searches have 
been discussed in [ 131 . 132 j. To understand the behavior of a® usy one needs to inves¬ 
tigate approximate relations for the different diagram contributions. Mass insertion 
method is used to calculate different diagrams [ 133 . 11321 [69 1 11311 134 ]. MSSM 
prediction of Adepend upon left and right handed smuon masses (mp, L , mp, R ), 
gaugino mass parameters (Mi, M 2 ), higgsino mass (//) and ratio of YE Vs (tan/3). 


Fits presented have heavy smuon so we use exact formulae of Eq. (5.37) and (5.38) 


for Susy contribution to a A1 . There are tan/3 enhanced two-loop diagrams also [69] 
which can modify the leading order results by 10 % but we calculated only one loop 


diagrams. NMSGUT fits prediction for Ais given in Table 5.17. We see that 
except for the light smuon solution (presented in Chapter 3), the Avalues are too 
small to resolve the muon g-2 anomaly. 


5.7 Leptogenesis 


The baryon asymmetry of the universe is defined as : 


Vb 


n B - ng 

Tlry 


6.1 ±0.3 x 10 -10 


(5.43) 
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H/ 





Figure 5.6: CP violating decay of right handed neutrino 


This can be generated via B violation, C and CP violation and departure from 
thermal equlibrium as pointed out by Sakharov [135]. Leptogenesis (60, 136 is most 
promising mechanism to explain observed baryon asymmetry of the universe as CP 


violating decay of right handed neutrino ( shown in Fig. 5.6) can fulfill these con¬ 
ditions. Leptonic CP asymmetry can be converted to baron asymmetry through 
sphaleron processes. Non-thermal leptogenesis involves right handed neutrinos gen¬ 
eration through inflaton decay whose further decay can generate lepton and ( after 
sphaleron processes) baryon asymmetry. CP asymmetry parameter relevant for lep¬ 
togenesis is given by 


T(N — y l L + H) — T(N -> l L + H) 
T(N —► l L + H) + T(N ->• l L + H) 


In case of hierarchical spectrum: 


(5.44) 


3 Lm{[YjY u ]j 2 } M{ 
8tt [YjY u } u Ml 


(5.45) 
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Fit 

(T\ 

O 

73 

O 

1 

00 

Fitl(4 th Chapter) 

0.18 

Fit2(4 th Chapter) 

0.10 

Fitl(5 th Chapter) 

0.24 


Table 5.18: Lepton sector parameter. 


Model independent upper bound on CP asymmetry [ 13? j 




3 M^(m 3 — ?7ii) 


8it 


(H° u ) 


(5.46) 


Here 3 are left handed neutrino masses. The e CP parameter for the three discussed 


fits is given in Table |5.18| The desirable range of values for successful leptogenesis 
[ 137] is e CP ~ 10”' . Although the generic values we obtain are somewhat small, it 
should be noted that we have not optimized our fits to improve e CP yet we are not 
too far off. Since it depends sensitively on the off diagonal structure of YjY u and 
linearly on M^/Ml^ , optimization could easily yields more satisfactory values. We 
will return to these questions in future research. 


5.8 Conclusion 

Neutrino Dirac Yukawa coupling is crucial for LFV predictions which require inclu¬ 
sion of heavy right handed neutrino thresholds. We found a reasonable fit imple¬ 
menting these thresholds and calculated BR for U —> Ij'y and k —> 3 lj LFV processes. 
NMSGUT predict BR for the these processes several order of magnitude smaller 
than the upper bound from experiments because the fits have negative soft Higgs 
masses (M#) and heavy Susy spectrum. Negative soft Higgs masses provide cancel¬ 
lation in the off-diagonal entries of slepton mass matrices [ 138] which estimate the 
LFV. Solution presented has all the NMSGUT superpotential and soft parameters 
in the range corresponding to the previous chapter solutions. The smuon is heavy 
in all the solutions with loop corrected sfermion masses that we have so far found. 
Hence Susy contribution to muon g -2 is very small ~ 10” 12 . Ais not sensitive to 
neutrino Yukawa coupling but depend upon the soft Susy spectrum which further 

















5.8 Conclusion 


133 


depend upon mSUGRY parameters at GUT scale. The value of the lcptogenesis CP 
violation parameter is roughly in the desired ball park even without optimization. 

This study shows that NMSGUT fits found are compatible with LFV con¬ 
straints but further searches are needed to explore whether light smuon and adequate 
e CP are achievable. 




Chapter 6 


Renormalization Group Evolution 
Equations of the NMSGUT 

6.1 Introduction 

Renormalization group equations (RGEs) are used to evolve the gauge couplings, 
superpotential parameters and soft terms from UV scales into physically meaningful 
quantities that describe physics near the electroweak scale. The scale of generation 
of soft Susy breaking parameters in mSUGRY and string motivated mechanisms is 
above the GUT scale, typically M P . Thus a complete RG study of a Susy GUT 
requires evolution of GUT parameters from Mp to GUT scale and then of the 
effective MSSM to electroweak/Susy breaking scale. Evolution between M P and 
Mqut can be (and is) very important for both the hard and soft Susy breaking 
parameters of the NMSGUT due to the large RG f3 functions in SO(IO). In this 
chapter we give formulae for NMSGUT /3 function upto two loops for the first 
time and examine their effect. The form of the RGEs for supersymmetric theories 
is governed by the supersymmetric non-renormalization theorem [103] . According 
to this theorem the logarithmically divergent contributions to a particular process 
arise only from wave-function renormalisation, without any superpotential coupling 
renormalization. Variation of parameter X with energy scale is given by 


135 
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d 

dt 


X 


167T 2 


X' + 


(167r : 


2^2 


Px 


( 6 . 1 ) 


where t = log(Q/Qo), Q and Qo are the renormalization and reference scale respec¬ 
tively. and fix are one-loop and two-loop /3 functions. The 2-loop RGEs for 
the MSSM (effective theory of Susy-GUTs) and the soft Susy breaking parameters 
are well known [81], and are useful from low scale to GUT scale, ffowever, to con¬ 
sider the effect of renormalization from Planck scale to GUT scale, one needs the 
explicit form of GUT dependent RGEs. We have computed the two-loop RGEs for 
gauge coupling constant, superpotential and soft Susy breaking parameters for the 
New Minimal Supersymmetric SO(IO) Grand Unified Theory. General formulae for 
the evolution functions for any softly broken Susy simple gauge group theory are 
available [81] to compute SO(IO) two-loop (3 function. A Mathematica package im¬ 
mediately gets stuck [ 139] on combinatorial complexity while performing the sums 
over irrep indices required to obtain RGE coefficients for SO(IO) irreps. ffowever 
special tricks using the properties of the model and SO(IO) irrep index contraction 
make the sums over the components of the large irreps ( 210 , 126 ,126 and 120 ) 
used in the NMSGUT tractable. We got explicit results for all RGEs upto second or¬ 
der using gauge invariance as a guiding principle. This work is done in collaboration 
with Prof. C.S. Aulakh and 11a, Gargpf], 


6.2 Formalism 

The one-loop /3-function for the gauge coupling [81] is : 

/J< 1| =9 3 [S(fi)-3C(G)] (6.2) 


where 

S(R ) and C{G) are Dynkin index (including contribution of all superfields) and 
Casimir invariant respectively. Note that C(R) d(R)=S(R) d(G). Since the values 
are S(45,10,16,120,126,210) = (8,l,2,28,35,56) and C(R)=45(8/45,1/10,2/16,28/120, 
35/126,56/210) we get one-loop f3 function for the SO(10) gauge coupling to be : 
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Pfi = 13 79u ( 6 . 3 ) 

Notice that this implies very rapid change of g w and hence require great care to avoid 
nonsensical results. The generic form of one-loop /3-function for the superpotential 
parameters is {W = | Y l;jk (f) i (f)j(f) k + ..) : 

} ijk = Y ijp ^ k + {k^i) + {k^ j) (6.4) 

where i, j, k are the indices running over all the chiral fields in the theory and 7^ 
is the one loop anomalous dimension matrix. SO(IO) gauge invariance implies that 
7 j must be hcldwise and componentwise diagonal : thus simplifies their computa¬ 
tion enormously. The NMSGUT has (A, k, p, 7,7, rj, £, £) superpotential couplings 
representing the following interactions : 

A : 210 3 ; 77 : 210 ■ 126 ■ 126 ; p : 120 ■ 120 ■ 210 

A; : 10 - 120 - 210 ; 7 © 7 : 10 ■ 210 • (126 © T26) 

C®C: 120-210-(126 ©126) (6.5) 

and mass parameters : 

: 210 2 ; /i S : 126-126; p H : 10 2 ; /i© : 120 2 ( 6 . 6 ) 


The generic one-loop anomalous dimension parameters associated with superhclds 
carry the crucial structure governing the NMSGUT R.GEs and are given by 

7© = - 2 g 2 S’C(i) (6.7) 

Now we discuss the contribution of superpotential invariant pTpfci0«jm0 him to 77 1 . 
Let us focus on what couples to a given component of the 210 
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Here m runs over remaining 6 values since the 120 plet is totally antisymmetric. We 
see that since the SO(IO) symmetry will require 7 * diagonality within an irrep one 
can obtain the 7* by counting the possibilities for any representative irrep element on 
the external lines and SO(IO) allowed index combinations on the summed indices. In 
this example we can have 18 possible combinations that couple to $ 1234 - Therefore 

1 y{$i234.e.e} = = 2 |p| 2 (6.8) 

2 9 

Similarly 

®ijklH m ^-‘ijklm — 7 ^ 1234 (^ 5^12345 + -^ 6^12346 + ••••) ( 6 - 9 ) 

The six allowed index values for H (i.e. 5-10) give 

X = 6| 7 | 2 ( 6 . 10 ) 

H.Y, 

The invariant kHiQjki^ijki will contribute to 7 ^ 

-H&juQiju = ^ < h 12 34(i/i@234 — 7/ 2 ©134 + -^3©124 — -f^4@312) + •••• (6-11) 

Y {<s>1234 . H . e} Y^™ H ^ = A\k\ 2 ( 6 . 12 ) 

H,e 

Thus the anomalous dimension matrix reduces to a common anomalous dimension 
for each independent component of each field. 

7 i 1) = 240 | 7| 2 + 4 | A :| 2 + 180 | A | 2 + 2 | p | 2 + 6 (| 7| 2 + | 7 | 2 )+ 60 (| C | 2 + | C | 2 )- 24^ 0 ( 6 . 13 ) 


7e } = 200M 2 + 101 7 1 2 + 100|C| 2 - 25<? 2 0 (6.14) 

7 ( 1) = 2001? 7 1 2 + 10|7| 2 + 100ICI 2 + 32Tr[/t./| - 25<? 2 0 (6.15) 

1 { h ] = 84|/c| 2 + 126(| 7 | 2 + |7| 2 ) + 8Tr [h).h] - 9 gj 0 (6.16) 

7© } = U\k\ 2 + |p| 2 ) + 105(|C| 2 + ICD + 8T±W-9] - Slfi'io (6.17) 

(bi 1} )A = (tSV = 252/4./ + 120 gig + 10 hlh - ^ 


(6.18) 
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Here h, f and g are Yukawa couplings of 10, 126 and 120 Higgs irreps. Using the 
7 ’s one can compute RGEs for all the superpotential parameters. For example one 
loop /3 function for A is : 

P? = 3 7 i 1} A (6.19) 

In addition to superpotential parameters and gauge coupling, we need to compute 
£soft parameters RGEs: 

£soft = - ~ ^b lJ ^ MW + h.c. ( 6 . 20 ) 

In total we have {A, k, p, 7 , ■f, fj, (, C, h, /, g }, { 6 $, b Hl b e } and {m|, m|, m|, m|, 
parameters in the NMSGUT soft Lagrangian. One loop /3- function for 
h ijl is [ 8 T] : 


[p £ } p = ^ 7 Y) mn Y mnfc + Y ijl Y lmn h mnk - 2(h ijk - 2 MY ijk )g 2 C(k) 


+ (k i) + (fc O j) 


( 6 . 21 ) 


We dehne : 

yl 1 )! _ ly; yjpq . ydb' _ ly; hjpq . yl 1 ).? 

h — 2 lpq ’ '* — 2 lpq ’ 

Then arguments similar to those given above yield : 


\h ipq h jpq 


( 6 . 22 ) 


# = 2401 ? 7 1 2 + 4|/c | 2 + 180|A| 2 + 2 |p | 2 + 6(| 7 | 2 + | 7 | 2 ) + 60(|C| 2 + |C| 2 ) (6.23) 

7 ^ = 240 grf + 4 kk* + 180AA* + 2 pp* + 6 ( 77 * + ^ 7 *) + 60(CC* + £C) (6-24) 

7 ? } = 240 |p | 2 + 41 R | 2 + 180|A| 2 + 2 |p | 2 + 6 (|t| 2 + \W) + 60(|C| 2 + |^| 2 ) (6.25) 

Pf = 3A7« + eA^ 1 ) - 72p 2 0 (A - 2MA) 


(6.26) 
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[tf } P = \b u Y lmn Y mn i + ±Y* l Y lmn b mn + H il Y lmn h mn i 

-2 (b ij - 2 Mn ij )g 2 C(i) + (*() j) (6.27) 

= 26< i ,7^ 1) + 4/x$ 7^ - 485fi 0 (6$ - 2M/i$) (6.28) 

ls^k = iy, M y«”(m 2 ) 2 ++2 Y m Y^(mX 

+h ipq h jpq - 8^MMVC(i) + 2/t^Tr[t A m 2 ] (6.29) 


0$ = 27i 1} ^| + 720m||A| 2 + m^(12| 7 | 2 + 12|^| 2 + 8|7c| 2 ) 

+m|(8|p| 2 + 120( | Cl 2 + ICI 2 ) + 8|fc| 2 ) + m|(480|r 7 | 2 + 12| 7 | 2 + 120|C| 2 ) 
+m|(480|//| 2 + 12|7| 2 + 120|C| 2 ) + 27^ - 96|M| 2 <? 2 0 (6.30) 

The two loop anomalous dimensions 7^ are the main building blocks of two loop 
f3 functions, having generic form : 

7.™ = -\Y lmn Y n ^Y Kr Y mr > + gl a Y,„Y‘”[2C(p) - C(t)] 

+2 S’gtio)lC(i)S(R) + 2 C(if - 3C(G)C(i)] (6.31) 


Again they are fieldwise and independent component wise diagonal. Only the first 
term require attention. The intermediate sums over n, r can be broken field wise 
and thereafter using diagonality of the one loop anomalous dimensions (with respect 
to independent irrep components) already computed: 

Y V n PlV V mr i — V yT)y ' mn Hj I y i (a oo\ 

J imn 1 1 pqr 1 1 imnu JH 1 ' 1 imriQ /@ ± r ••• j 


As discussed for the one loop, SO(IO) gauge invariance provide 7® and constraint 
n=r (in the first term), so we have (as already the sum is over independent field 
components) 


Y Y n Pi V V mr i — V (~\ n v mn i 

1 imn 1 1 pqr 1 1 imn \ / )n ± 


(6.33) 
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One needs to examine the superpotential invariant involving two fields carrying field 
component indices mil. Thus the total contribution can be written with the help of 
one loop anomalous dimension parameters. For example : 

7$ } = — (240|p1 2 + T^) + 4 I^| 2 (t^ } + 7© } ) + + T?) 

+360| A| 2 '7'4> 1) + 4 Ip| 2 7© 1) + 6|7| 2 (7ii ) + 7g ) ) + 60|C| 2 (t© 1:> + 7e } ) 
+60|CT(# + 7g ) )) + Sio(6240|p| 2 + 24\k\ 2 + 4320|A| 2 + 36|p| 2 
+60| 7 | 2 + 60| 7 | 2 + 1320|C| 2 + 1320|C| 2 ) + 3864^ 0 (6.34) 

Two-loop /3 functions for other superpotential parameters are given in the Appendix 
and for the soft couplings can be found in [HU [65]. We will use these RGEs to 
estimate the variation of the soft parameters between Mp and M^ . NMSGUT fits 
discussed in the previous chapters have large negative soft Higgs masses (M]W). 
SO(IO) RGEs can explain origin of these kind of couplings. 


6.3 Numerical Analysis 


We throw SO(IO) gauge and Yukawa couplings and soft parameters randomly in the 
perturbative range. Along with this we choose soft breaking parameters according 
to SUGRY soft term form (assuming canonical soft terms). Susy breaking i.e. with 
all gaugino masses zero, all soft scalar masses equal, A 0 =2m 3 / 2 , bi=(A 0 -m 3 / 2 )Hi at 
the Planck scale. We chose m3/2=20 TeV and renormalize them from Mp and M((. 
Large coefficient of the trilinear couplings in the anomalous dimension make these 
RGEs to evolve fast between Mp to M^. The values of hard and soft parameters at 


two scales (Mp and M^) are given in Tables 6.1 and 6.2 respectively. This shows 
that the evolution can be very significant and in particular the soft masses change 
rapidly. The large value of ( 3 g makes a UV fixed point impracticable. Soft mass 


evolution is shown in Fig. 6.1 
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Parameter 

Value at Mp 

Value at M\ (10 16 - 33 GeV) 

A 

-0.0434 + 0.0078? 

-0.0098 + 0.0018? 

V 

-0.3127 + 0.0798? 

-0.0969 + 0.0247? 

P 

0.9544 - 0.2698? 

0.141 -0.0399? 

k 

0.0273 + 0.0991? 

0.0015 + 0.0053? 

7 

0.4711 

0.0318 

7 

-3.2719 

-0.2922 

c 

1.0091 + 0.8305? 

0.1876 + 0.1544? 

c 

0.3596 + 0.5898i 

0.0885 + 0.1452? 

Wio - 6 

4.4602 

1.0843 

^ 22/10 4 

4.1031 

0.9971 

fki's 

0.0244 

.0059 

h 12 /10~ 12 

0.0 

-2.9819 + 4.8131? 

hi 3 /IO - 11 

0.0 

-2.3318 + 4.0693? 

^ 23/10 9 

0.0 

-6.1280 + 11.4938? 

Ai/ 10- 6 

-.0044 + .16207 

-0.0049 + .1811? 

/ 22 /IO - 5 

6.675 + 4.8457i 

7.4587 + 5.4144? 

/ 33 /IO - 4 

-9.264 + 2.7876? 

-10.3507 + 3.1146? 

/ 12 /IO - 6 

-.84951 - 1.7825 

-0.9492 - 1.9917? 

/ 13 /IO - 6 

.54964 + 1.1479* 

0.6141 + 1.2826? 

/ 23 /IO - 4 

-.4266 + 2.231? 

-0.4767 + 2.4927? 

1712 /IO - 5 

1.4552 + 1.599? 

0.9755 + 1.0718? 

W 10- 5 

-1.1784 + .49613? 

-7.8988 + 3.3255? 

^ 23 /io — 4 

-1.6648 - 1.18436? 

-1.1159 - 0.7939? 

/i$ 

10 15 GeV 

37.10 x 10 13 GeV 

Ph 

10 15 GeV 

3.19 x 10 13 GeV 

Pn 

10 15 GeV 

50.87 x 10 13 GeV 

Pe 

10 15 GeV 

24.25 x 10 13 GeV 

9 

2.2519 

0.3445 


Table 6.1: Values of NMSGUT parameters at two different scales evolved by using one- 
loop SO(IO) RGEs. 
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Parameter 

Value at Alp 

Value at M%( 10 16 - 33 ) GeV 

A 

-43.4231 + 7.7508? 

-0.3413 + 0.0613? 

n 

-312.69 + 79.7879? 

-450.6968 + 115.0163? 

P 

954.387 - 269.837? 

-556.0236 + 157.1827? 

k 

27.3142 + 99.0676? 

-12.3372 -44.7845? 

7 

471.122 

-185.8855 

7 

-3271.91 

707.8617 

c 

1009.13 + 830.517? 

-255.3635 - 210.1669? 

e 

359.587 + 589.788? 

183.1857 + 300.4532? 

/in 

0.1784 

.0219 

h‘22 

16.4052 

2.014 

h-.n 

976.7480 

119.8772 

^ 12/10 7 

0.0 

-2.1449 

/ps/lO' 6 

0.0 

-1.3053 

^ 23/10 4 

0.0 

-5.1246 

Ai/JLO- 3 

—0.1744 + 6.483? 

-0.1496 + 5.56? 

I 22 

2.6701 + 1.93837 

2.2899 + 1.6623? 

if 33 

—37.0558 + 11.1505 

-31.7754 + 9.5616? 

/ 12 /IO - 2 

—3.3980 — 7.13017 

-2.9143 -6.1149? 

CO 

O 

1 

to 

2.1986 + 4.59167 

1.8853 + 3.937? 

I 23 

— 1.7064 + 8.9336 

-1.4633 + 7.6523? 

9V2 

0.5821 + 0.6396? 

0.2408 + 0.2646? 

9l3 

-4.7136 + 1.9845? 

— 1.9500 + 0.821? 

923 

-6.6592 - 4.7374? 

-2.7549 - 1.9599? 

M 

0 

0 

6$ 

2.0 x 10 19 GeV 2 

-2.465 x 10 18 GeV 2 

bH 

2.0 x 10 19 GeV 2 

-6.2536 x 10 17 GeV 2 


2.0 x 10 19 GeV 2 

-1.0311 x 10 18 GeV 2 

b e 

2.0 x 10 19 GeV 2 

-2.576 x 10 18 GeV 2 

ml 

m l/2 

—12577864.9856GeV 2 

m H 

m l/2 

— 151814083.220GeV 2 

m e 

m l/2 

—55926753.8102GeV 2 

ml 

m l/2 

16687663.4739GeV 2 

ml 

m l/2 

100530987.171GeV 2 

Eval m~ 

{m 2 /2 , m 2 /2 , m 2 /2 } {3.9999, 3.9999, 3.9993} x 10 8 GeV 2 


Table 6.2: Values of NMSGUT soft parameters at two different scales evolved by using 
one-loop SO(IO) RGEs. {\,k,p,y, ^ ,fj , C, C, h, f , g}=A 0 (\,k, p, 7,7,r/,C, C ,h,f,g), A 0 = 
40 TeV, m 3 / 2 = 20 TeV. 
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Figure 6.1: Evolution of soft masses from Planck scale to GUT scale. Dashed (red), 
dotted (purple), medium dashed (blue), thick dashed (green) and solid (orange) 
lines represent m|, rh 2 H , m q, fh | and m| respectively. 

6.4 Discussion and Outlook 

We derived the NMSGUT RG equations to determine the RG evolution of cou¬ 
plings between Mp and M\ (the matching scale between GUT and effective theory) 
assuming pure supergravity canonical scenario for the starting parameter ansatz. 
Evaluating the effects of the evolution on randomly chosen sets of parameter values 
we see that the RG evolution has dramatic effects on the soft susy breaking pa¬ 
rameters. Firstly most of the soft Susy squared masses of the SO(IO) Higgs irreps 
become negative, ft provides a potentially robust justification of the negative val¬ 
ues of MjW the NMSGUT fits already needed. Note that the distinctive normal 
s-hierarchy at low scale is strongly correlated with the large negative MjW we use 
in the fits. Gaugino masses will be generated by two loop RG evolution, however 
even M —0 at the GUT scale yielded adequate gaugino masses at the electroweak 
scale. The other dramatic effect is the intermediate scale {0{m^/2Mx)) values of the 
soft parameters required by the canonical SUGRY ansatz and induced by 

the dependence ~ /7?77 3 /2. Actually the running values of turn negative 

after starting positive so it is possible that they run to smaller and more acceptable 
values 0(777,3/2) f° r a suitable set of starting parameters. We are currently studying 
the detailed implications. 
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Appendix 
One-loop RGEs 

One-loop beta functions for the SO(IO) superpotential parameters and Yukawa cou¬ 
plings of 10 , 126 and 120 : 

P\ ] = 3 7$ ; P^ = 77 ( 7 ^ + 7^ + 7$ } ) (6-35) 

P? = 7(7 + 7s } + 7$ ) ) ; P? = 7(7 SJ } + 7g } + 7^) (6.36) 

Pk ] = K^h + 7e } + 7$ ) ) ; Pf* = C(7e } + 7^ + 7$ ) ) (6.37) 

Pf ] = C(7© } + 7g } + 7i X) ) ; /5p 1} = p(7$ } + 27© 13 ) (6-38) 

Ph ] = h l { H + (7 ^f-h + h.^ ] ; f3 ( p = / 7 ^ } + (7 + f- 1 ^ (6.39) 

Pg 1] = 97 { e ~ (l^) T -9 + 9- 7* } (6-40) 

Pjx# = 27 $ W i fijiH = 27 \{ 9-h (6.41) 

Ppl = (7s 1} +7gVs ; P$ = 2 7eVe (6.42) 

Two-loop RGEs 

4 1} = 2001 77 1 2 + IOI 7 I 2 + 100ICI 2 (6.43) 

7 ^ = 200|r /| 2 + 10 | 7| 2 + 100|C | 2 + 32Tr[/ t ./] (6.44) 

7 ^ = 84| 7c | 2 + 126( |71 2 + |d| 2 ) + 8 Tr [rf.h] (6.45) 

7§ } = 7(|A;| 2 + |p| 2 ) + 105(|C| 2 + |CT) + 8 Tr[g<.g] (6.46) 
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# = 252/1/ + 120# + 10 hlh (6.47) 

# = 9709# - ||(9# + 21# + 25# + 25# + 24# 

1 05 

+ —(8T r[h).h] + 8T r\glg\ + 32Tr[/ t ./])) (6.48) 

7s° = -(200|7 7 | 2 (t4 1) + #) + 10|7| 2 (# + #) + 100|C| 2 (# + #)) 

+#10 (48001 ?71 2 + 80| 7 | 2 + 2000|C| 2 ) + 4050# (6.49) 

7g 2) = -(200|?7| 2 (# + 7s } ) + 10|7| 2 (# + #) + 100|C| 2 (t© ) + #) 
+Tr[/ t .#./]) + 0i O (48001//1 2 + 80|7| 2 + 2000|C| 2 
-80Tr[/t./]) + 40504 (6-50) 

7 ( h = — (84 1 A; | 2 ( , 7'4> 1) + #) + 126|7| 2 (# + #) + 126|^'|-(# i) + #) 
+Tr#.#./i]) + #(3024|/c| 2 + 5040| 7 | 2 + 5040|7| 2 
+108T r[hlh]) + 1314# (6.51) 

7e° = #7|fc| 2 (# + #) + 7|p| 2 (# + #) + 105|C| 2 (# + #) 

+T r[##.p] + 1051 C| 2 (# + #)) + #(84|/f + 168|p| 2 
+2940|C| 2 + 2940|C| 2 + 12 Tr[#]) + 3318# (6.52) 


7i 2) = ~{h).^ ]T .h - g ] .^ )T .g + P-^ )T •/ + h ] .h^ ] - g ] .g^ + A/#) 


+#(90# + 2520# + 6300/ f /) + 


26685 g A 


10 


16 


.1 


(6.53) 


/# can be obtained from Eqns. 6.35 6.42 replacing 7 ^ by 








Chapter 7 


Dynamical Yukawa Couplings 


7.1 Introduction 

The SM fermion mass-mixing data poses several questions. Fermion masses vary 
from milli-eV from neutrino to between 0.5 MeV to 174 GeV for charged fermions. 
Leptonic mixing is large as compared to quark sector mixing. Why do we have three 
fermion generations? Do they follow some flavour symmetry ? The mass hierarchy 
is different for up type quarks, down type quarks and for leptons. All these questions 
constitute the flavour puzzle posed by the SM and neutrino oscillations data. To 
understand the origin of observed flavour structure of the SM data is most basic 
problem of flavour physics. Introduction of family symmetry and generation of 
flavour structure by Yukawa couplings arising as VEVs of “spurion” fields offers 
an attractive alternative prospect for understanding flavour structure [140] . Model 
builders have considered various possibilities like discrete (tetrahedral group A 4 
and permutation group S3), abelian/non-abelian (global or local) symmetries. The 
establishment of the lepton mixing pattern triggered great interest in the discrete 
family symmetry approach (for reviews see [1411. 1421 I143| ). Mostly SU(5) GUT 
and discrete family symmetry combination is considered. In the so called Yukawa- 
on models [144] different symmetry is considered for each type of fermion. The 
dimension-1 Yukawa-on field (3?) makes the Higgs vertex non-renormalizable (£ = 
f c yfH/Ky + ...) and Yukawa-on dynamics is controlled by a high-scale Ay. 

In our view the strongest motivation and hint for the flavour symmetry comes 
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from third generation Yukawa unification in Susy SO(IO) GUTs at large tan/3. 
It indicates that the GUT gauge symmetry breaking may generate the fermion 
hierarchy. Combining this hint with the successful fitting of the fermion data in 
the NMSGUT motivated us to extend the minimal renormalizable supersymmetric 
SO(IO) GUT with 0(N g ) family group [145] . In minimal Susy SO(10)GUT [1511471 
SUEZ], MSSM Higgs pair emerges from the large number of MSSM type doublets 
of UV theory and fermion hierarchy is generated by the SO(IO) matter Yukawa 
couplings. In this extended scenario Higgs multiplets of SO(IO) also carry family 
index (“Yukawons”) and their VEVs generate Yukawa couplings of SM fermion and 
neutrino. In our study Yukawons also carry representation of the gauge (SM/GUT) 
dynamics. As explained in the previous chapters MS GUT completed with 120- 
plet called NMSGUT [57], can generate realistic fermion mass mixing data and 
experiment compatible B-decay rates after the inclusion of superheavy thresholds. 
Therefore, from our viewpoint of combined family and GUT unification, it is the 
logical base for a dynamical theory of flavour. To start with, we study extension 
of MSGUT based upon the 10 © 210 © 126 © 126 Higgs irreps. We will comment 
on the minor changes required to include the 120-plet: which may ultimately be 
necessary. 


7.2 Yukawon Ultra Minimal GUTs 

Yukawon Ultra Minimal GUTs are an extension of minimal supersymmetric SO(IO) 
model by 0(N g ) family gauge group. The 10(H) © 210(<3>)ffi 126(E) ©126(E) 
Higgs irreps become symmetric representations of 0(N g ) family group. Matter 
fermions are present in the form of three copies of 16(\k)-plet. Superpotential of 
the model has same form as of MSGUT (with sum over flavour indices): 

Wqut = Tr(m4> 2 + A4> 3 + ME.E + 77$. E.E + $.//.( 7E + 7.E) + M h H.H ) 

W F = fk A-(hH AB + fY AB + g^AB)^ b (7.1) 

Here A and B are the family indices. Now SO(IO) Yukawa couplings h, /, g are 
complex number because flavour indices are carried by MSGUT Higgs irreps them- 
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selves. Here we have included 120-plet in Wp but for simplicity we study only 
MSGUTs. However addition of 120-plet does not effect GUT SSB since it does not 
contain any MSSM singlet. Notice that 120-plet carry antisymmetric representation 
of family group. In this scenario matter fermion Yukawa couplings are reduced from 
15(21) to just 3(5) parameters in MSGUT(NMSGUT) with 3 generations so we call 
it Yukawon Ultra Minimal Grand Unified Theory (YUMGUTs). Each 
Higgs irrep contains one MSSM Higgs type multiplet ([1,2, ±1]). Mass matrix is 


given as 






< -M u 

7-v/3H(a; — a) 

—7\/3H(a; + a) 

- 7 U(cr) 

\ 

n = 

7\/3U(a; — a) 

— (2 M + 4 i]Q(a — u)) 

0d 

—2g\/3fl(a) 



—7\/3H(a; + a) 

0d 

— {2M + 4gQ(w + a)) 

0d 



v — 7 ^) 

—2i]\/3Q(a) 

0d 

6AH(ta — a) — 2m 

/ 


The rows are labelled by the N g (N g + l)/2-tuples (ordered and normalized, for a 

symmetric (j) AB , A,B = 1 ,.N g , as {0n, 022, -<f>N g N g , \/20i2, V^0i3, ., V^4>N g -i,N g }) 

containing MSSM type If [1,2, — 1] doublets from 10,126,126,210. The columns 
represent H[ 1, 2,1] doublets in the order 10,126,126, 210. 0d is the d dimensional 
null square matrix. The matrix function (—dimensional) is introduced to 
write H in compact notations and its form is determined by symmetric invariant 
< f>AB ( t , BC ( t ) CA (here one held can have VEV and other two should contain H and H). 
For N g = 2 it is 


Q[V) 


( Vn 0 Vvij\fl N 

0 V22 V12/V2 

yU 12 / V2 V 12 / y/2 (Vn + U22)/2 y 


(7.2) 


with labels {Hu, H 22 , \f2H V2 } © {H n , H 2 2 , V 2 H 12 }. Higgs mass matrix is now 
2N g (N g + l ) dimensional which would become N g (3N g +1) dimensional if we include 
120-plet. MSSM being a effective theory requires one light Higgs pair out of these 
large number of Higgs multiplets. Consistency condition of the light Higgs pair 
assumption (fine tuning DetH— 0) ensures this. From left (W) and right (V) null 
eigenvectors we can determine MSSM Yukawa couplings. For N g = 2 Yukawas of up 
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and down type quarks we get 


Y n = 


hV! + fV. 4 (hV 3 + fV 6 )/V2\ 

(hV 3 + fV 6 )/V2 hV 2 + fV 5 ) 


h = 2 V2h 


Y d = 


hW i + fW 7 (, hW 3 + fW 9 )/V2\ 

(hW 3 + fW 9 )/V2 hW 2 + fVV 3 ) 


/ = -4i A /-/ (7.3) 


By replacing / —> —3/ in Y Ul Yd we can get Y u ,Yi. Clearly for / ~ h one can get 
Y v , Yi different from Y u ,Y'd as / <C h implies Y u ^ Y u and Y d ~ Yj. Higgs mass 
matrix consequently V, W are determined in terms of symmetry breaking VEVs 
(p, a, uj, a, a). Next step is to calculate these VEVs. 


7.3 Spontaneous Symmetry Breaking 

The multiplets 210, 126 126 break the GUT and flavour symmetry to MSSM. 
YUMGUT superpotential written in terms of VEVs ( p, a, tv, a, a) of SM singlets: 

W = Tr[m(p 2 + 3a 2 + 6a; 2 ) + 2A(a 3 + 3puj 2 + 6aa; 2 )] 

r , (aa + aa ), 

+Tr[Mcra + r}(p + 3 a — 6u>) -—-] (7.4) 

Susy vacuum is determined by the vanishing of F and D terms. The F-term vanishing 
equations can be written as: 

2 m(p - a) - 2A a 2 + 2Ao; 2 = 0 (7.5) 

2 m(p + uj) + A (p + 2 a + 3u)u + Aa >(p + 2a + 3a;) = 0 (7.6) 

Mo + r}{x<J + ax)/2 = 0 (7.7) 

Mo + r){xo + ox )/2 = 0 (7.8) 

4 

00 + 00 = —imp + 3Aa; 2 ) = F 
V 


(7.9) 
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where x = (p + 3a — 6a;). D-terms include SO(IO) and family D-terms. SO(IO) has 
only one non-trivial D-term : D b ~l ■ 


& ab — &ab — 0 


(7.10) 


The set of homogenous Eqns. (7.7|7.8) can be written in a more transparent form 


as 


• E = 5 • E = 0 


(7.11) 


where E, E are (N g (N g + l)/2)-plet of a, a VEVs. Nontrivial solutions of Eqns. 
frffr )8]) for a, a exist only if Det[ S] = 0. In the MSGUT(!V 9 =1) the linear condition 
(x = —M/rf) supplements the Eqns. ( 7.5|7.6 ) and allows determination of p,a,ui 
via a cubic equation for oj. After solving F-term conditions (actual procedure will 
be discussed in the next section), the D-term conditions ( D B _ L = 0 from SO(IO) 
and D A = 0 from 0(N g )) need to be solved. In N g — 1 case 


Db-l = Icrl" — Icrl = 0 


(7.12) 


Since Arg[a] — Arg[cr] can be removed by U(1)b-l transformations, we choose a — a. 
Here also we only consider the cases corresponding to a ab = &ab, so that D b _l is 
automatically zero. 

The D-terms of the family group vanish automatically only for trivial solutions 
of the F-terms conditions. We are interested in non-trivial solutions because only 
these can generate generation mixing. One needs to introduce additional fields to 
cancel GUT sector contribution to the family D-terms. F-terms corresponding to 
extra fields should not interfere with the GUT F terms so as not to disturb the 
MSGUT SSB. The best possible choice is to locate these fields in the hidden sector. 
In [ 146 j it has been shown that Bajc-Mclfo (BM) two field superpotential is an 
appropriate candidate. In the next section we will discuss how BM superpotential 
enables YUMGUTs. 
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7.4 Bajc-Melfo Superpotential 

Two field (S s , <j> s ) BM superpotential reads: 

Wh = S s Ms + A B (t>l) (7.13) 

It has a Susy preserving global minima at S s = (ft s = 0 and S s = 0, (ft s = — and 
Susy breaking local minima at (0 S ) = — where S s remains undetermined with 
a condition |(S' s )| > {S) can be fixed either by radiative corrections [ T47 ] or 

by couplings to N=1 supergravity [1T8I HT9j . In [TIO] (S) is determined by coupling 
S, (j) fields to N=1 supergravity as reviewed below. 

7.4.1 Coupling to Supergravity 

Supergravity potential [ 150111511115211153 J for the scalar field Zi is 

V = E{\F I + Z* i k 2 W\ 2 -Zk 2 \W\ 2 ) ; E = e^ 1 ^ 2 (7.14) 

Visible sector VEVs (zi) and </> s preserve global Susy (|^ = 0 = D(Z 1 )) 

V(S 8 ) = e K2lSsl2+6 {(SK 2 \W 0 + S s 9\ 2 + 1 9 + k 2 S* s (W 0 + S s 9)\ 2 

-3k 2 \W 0 + S s 9\ 2 } (7.15) 

Where 5 = k 2 (|0 s | j + 1^| 2 ) denotes Susy preserving VEVs contribution and the 

i 

contribution of S s has been separated. The potential written in terms of dimension¬ 
less variables 

W 0 

x = n— ; y = kS s ; (p x = Arg[z] ; (p y = Arg[y] (7.16) 

v = |A7 = {(|x| 2 + |y| 2 )(<5 - 3) + (1 + |t/| 2 ) 2 + 

\x\ 2 \y\ 2 + 2cos ((p y - (p x )\x\\y\(\y\ 2 + 5-2)} (7.17) 
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Minimum is achieved if 


V V\ y \ V vy 0 V\y\,tp v ) V\y\,\y\iVvy<f> y > 0 ( 7 - 18 ) 

The solution is 


ip y = ip x ; x = 2- a/3 - 5 
y = Vo = V3 - 5 - ld\y\d\y\V = 4V3 - 5 
d^d^V = 48V3 - 5 - 16 5 - 32^3 -5 + 56 (7.19) 


provided 


< 3 — 



(7.20) 


The globally undetermined VEV ( S s ) ~ M p is now hxed. In gravity mediated 
scenario, gravitino mass is given by 

m| = k 2 \VE(W 0 + W h )\ (7.21) 

Typical range of gravitino mass require cancellation among W and W gut such that 

\W 0 + Wh\ = M p \6\ < 10 39 - 10 41 GeV 3 (7.22) 


BM superpotential parameters determine Susy breaking scale : 




fJ'B 


2 V A 


B 


10 10 - 5 - 10 n ' 5 GeV 


(7.23) 


7.4.2 Gauged 0(N g ) with Hidden Sector Superpotential 

Considering BM superpotential as a hidden sector of supergravity, total Superpo¬ 
tential is given by 


W = W H + W GUT (zi) 


( 7 . 24 ) 
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where Wh(S s , 4> s ) = W 0 + S s (p,B ( l>s + Xb^), z i represents GUT chiral and symmetric 
multiplets of 0(N g ) whose VEVs determine supersymmetric vacuum from vanishing 
of F and D terms 


dW 

dz 


^GUt{ Z ii Z i ) ~ 0 


Supergravity potential representing D-term contribution is 


Vd — 


97 

4 



(T a )i z j + h.c.) 


(7.25) 


(7.26) 


Since F terms vanish for all zj except S s (which is gauge singlet) we are left with 
just global supersymmetric D-terms. The 0(N g ) D terms are given as : 

Db(N,) = Tr(i'T,i] + S'PT, S]) + D‘ x 

D‘ x = Y,4T a z i (7.27) 

i 

where D° x is the visible sector contribution, and T a , T“ are 0(N g ) generators in the 
fundamental and generic representations. We can consider S, <f> as traceful multiplets 
of 0(N g ), traceless part still remains undetermined, to fix family D-terms : 

W H = Tr S{hb(!> + (7.28) 


S 


S + 


1 


5,Z 


N a 


TrS 1 = 0 


(7.29) 


here Z/v 9 is the unit matrix of order N g . All 0(N g ) non-singlet helds : S a b, <Pab 
and visible sector Higgs fields enter into the family D-terms. As discussed in the 
previous section flavour singlet VEV (S s ) is detemined by supergravity effects and 
non-singlet part is fixed by the 0(N g ) D-terms and supergravity soft mass terms. 
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7.4.3 (S) fixation 

A. Ng = 2 

Using 0(2) m U( 1) isomorphism, S (similarly 0) is defines as 

1 (V2S s + S+ + S. i(S _ - S + ) \ 

S = -r S (7.30) 

2 y i(S_ - S + ) y/2S s - {S + + S_) j 

where S ±, S s are properly normalized fields so that 

Tr&S = SlS + + SlS_ + S$S a 

and 

Tr50 = S s (j) s + S'(+0_) 

The superpotential becomes 

= I^b(S s 4> s + S' (+ 0_)) + X B (S s (j) 2 s + 2£' s 0 + 0_ + 20 s S'(+0_ ) ) (7.31) 

is non zero(0) and all other F-term vanish for 0 S = — 0± = 0 and S St ± remain 

undetermined. Using the values of fields : 

V(S + ,S.) = ml n (\S + \ 2 + |S_|d + | (\sp - |S_| 2 + Dx\ (7.32) 

here D x = ^2 (p Zj | 2 , g.j is the family symmetry charge of the visible sector VEV Z t . 
The minimum will occur when 

I TYl^ 

S- x = \l\Dx\ ~ X ; S x = 0 {x = Sign[D x ]) (7.33) 

Detailed mass spectrum of S, 0 fields can be found in [ 146] , 

B. N g = 3 


(0afe) in terms of T 3 eigenfields : 
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^(V6S 0 + 3iS-2 - 3iS +2 + 2V3S a ) ±(S +2 + S_ 2 ) 

1(S_ 2 + S +2 ) l(VGS 0 - 3iS_2 + 3iS +2 + 2V3S s ) 

V U s + + s ~) b( s +~ s -) 


l(S + + S.) N 
±i{S+-S-) 
-B(s s -V2S 0 ); 


where <S ' Sj0i ± j ±2 are properly normalized fields so that 


Tr &S = Sl 2 S +2 + Sl 2 S_ 2 + SlS + + SlS_ + SlS s 

Tr S<j> = S s 4>8 + 5 , (+0_ ) + 5(4.20-2) (7.34) 


Now D-terms form a 0(3) vector. It is convenient to use a basis where D-terms 
point in the third direction -D'\ = 5“ | Dx \ ■ This can be achieved by performing the 
following rotations : 


o = r 23 [0 x \.r 


12 


7T 


<Px 


dx = ArcTan 


tvf + vf 


Vi 


cpx = ArcTan 


V 2 

V 


(7.35) 


where V a = D\. The potential for the flat directions from S' is now 


r[s'i = ml /2 (\sx + iyi 2 + |sy 2 + |s ; 2 | 2 + |si 2 | 2 ) 

+ f {(\ s ' + \ 2 + 2|syi 2 - | S1 | 2 - 2|SUI 2 + (St )') 2 

+2Tr(S" t [T + , S^TriS'^T-, S"])} (7.36) 


Solution found is 

I*- 2 ' - (■¥■- $ = 1^1=» <™> 

In ( 146 ] it is shown that BM type hidden sector necessarily imply a number of 
light SM singlet scalars ( 0 ( 7713 / 2 )) and even lighter fermions that get mass only 
from radiative effects. These modes are reminiscent of the light moduli in string 
theory. Note that these light modes supplement the singlet (G[1,1,0] sector) pseudo- 
Goldstones from the visible sector yielding a very rich set of possible DM candidates. 
Light modes of the BM superpotential may provide light DM candidates (< 50) GeV 
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as indicated by the DAMA/LIBRA [154 j experiments. 


7.5 Analytical and Numerical Analysis 


Writing VEVs {p, u, a, a, a, x} =f {P, W, A, a, a, x}, X.a = Xaa + £ in units of mj A, 


we can eliminate all the parameters in F-terrn equations (Eq. 7.5 7.9) except two 


ratios f = ^ and - : 

^ 77m 77 


2 (j ) 2 ( P - A ~ A2 + = 0 

(P + W + (P + 2A + 3 W)W + W(P + 2A + 3 W)) = 0 

(x) ^ + (x *+^*)/ 2 ) = 0 

(x) + + ^)/ 2 ) = 0 

4A \ 2 F ~ 

da + ad — -(P + 3W 2 ) = —— = F 

7] m 2 


(7.38) 

(7.39) 

(7.40) 

(7.41) 

(7.42) 


It is convenient to use dimensionless form of equations for SSB analysis because 
we can get most of the VEVs independent of model parameters. Before analyzing 
realistic SM case ( N g =3 ) we will study the simplest toy model (N g = 2). 


7.5.1 Toy Model (N g = 2) 

For N g = 2, E = {dn, d 2 2 , U 12 }, the matrix S involves the combinations Xa = 
Xaa + 


/ 


X12 

X12 


Xi 0 
0 X2 


(7.43) 
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Det[S\ = (xi + X 2 ){x 2 i 2 - X1X2) = 0 
=> XI = X2 or X12 = ±VxiX 2 


(7.44) 


Det[ H] should vanish for non-trivial solutions. Null 2x2 minors provide Xi — X2 — 
X12 — 0 (S = 0). Thus Rank[ 3 ] < 2 implies Rank[ 3 ] = 0 so that all the six 
cr, d remain undetermined. However we hnd that Rank[ S] = 0 is a degenerate case 
implying large colored and charged pseudo-Goldstone multiplets so we consider only 
Rank[S] = 2 case. For a non-trivial solution, one out of two factors (xi + X2) and 
(X 12 — X 1 X 2 ) °f Det[ 3 ] should vanish. One can calculate dn and <r 2 2 in terms of d 12 
from 5 • E = 0 as 

(7.45) 


(Tn = 


Xl 2 ~ ~ _ Xl 2 ~ 

' “ &12 i ®22 ~ - —®12 

Xi X 2 

(Xl2 - X1X2) 


Det[d\ = 


X1X2 


-2 

cr 12 


(7.46) 


Det[d\ has a factor (xf 2 — X1X2) hi common with Det[ H] which will cause Det[a] to 
also vanish if we choose this factor to be zero to make Det[ S] vanish. I 11 MSGUTs 
(also in YUMGUTs), Majorana mass of the right handed neutrinos is determined 
by (E)=<t, which requires invertible VEV for Type I seesaw contribution. Therefore 


we analyze only the branch (yq + y 2 ) = 0 for vanishing Det[ 3]. Eq. (7.42) then 
implies 

^1X?2 


a n = 


Fn = F- 


Ei 2 — 0 


2(X? 2 + X?) ’ ’ "' 2 - u (7 ' 47) 

We solve Eq. 7.39| (linear in P) for all the components of P. Using calculated P 
values, solve x.\ — — X2, Fi 2 = 0 and F u — F 22 = 0 for H n , A 12 and A 22 - The 


remaining equations (Eq. 7.38 ) can be completely expressed in terms of W and 
£. We used a minimization method for a numerical solution of W for a convenient 
£. Using these numerical values of P, A, W, d (given in Appendix A) and randomly 
chosen YUMGUT parameters(A, rj, 7 , 7 , h, /), we hnd M H values from Det[H]= 0. 
Then Yukawas corresponding to all allowed value of Mh are determined. Yukawa 
eigenvalues, mixing angles and neutrino masses are presented in Table 7.1 for / ~ h 
and in Table 7.2 when / is smaller by a factor of 1CT 3 . In / ~ h case we have 
acceptable fermion hierarchy and mixing but too small neutrino masses which is the 
main failure of MSGUT. One can boost Type I seesaw contribution by suppressing 
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Parameter 


Value 


M h 

I 

0.049 + 0.190i 

II 

0.599 + 0.7912 

III 

1.39 + 0.802 

Y u 

0.1537,0.0080 

0.1293,0.0118 

0.0685,0.0214 

Y d 

0.0537,0.0043 

0.0562,0.0051 

0.0359,0.0052 

Y, 

0.0424,0.0027 

0.0712,0.0065 

0.0147,0.0063 

Y„ 

0.2515,0.0233 

0.0576,0.0053 

0.0911,0.0028 

^CKM(deg.) 

5.15 

2.27 x 10~ 6 

7.41 

^PMNs(deg-) 

14.5 

2.32 x 10“ 5 

33.7 

m^(meV) 

0.0255,0.2791 

0.0013,0.0144 

0 .0011,0.0121 

Am^eV 2 ) 

7.73 x 10“ 8 

2.06 x 10” 10 

1.45 x 10“ 10 


Tabic 7.1: Yukawa eigenvalues and mixing angles for N g = 2 , /=-0.13 . M u c = 
XM u c/m={0.6969, 0.0636}. m/X is taken to be 10 16 GeV to estimate Am 2 . X= -0.038 + 
.005 i, r] = 0.4, 7 = 0.32, 7 = -1.6, h = .34, £=0.8719+.5474i. 


Parameter 


Value 


M h 

I 

II 

III 

0.049 + 0.1902 

0.599 + 0.7912 

1.39 + 0.802 

Y u 

0.1761,0.0131 

0.1108,0.0101 

0.0721,0.0140 

Y d 

0.0507,0.0038 

0.0569,0.0052 

0.0283,0.00552 

Y, 

0.0507,0.0038 

0.0569,0.0052 

0.0283,0.0055 

Y„ 

0.1762,0.0131 

0.1108,0.0101 

0.0721,0.0140 

^CKM(deg.) 

0.00486 

2.47 x 10~ 9 

0.00767 

^PMNs(deg-) 

8.7 

2.79 x 10~ 6 

26.8 

m I/ (meV) 

10.05,110.19 

4.86,53.29 

4.39,48.12 

Am^(eV 2 ) 

0.01204 

0.00282 

0.00230 


Tabic 7.2: Effect of reducing / : Yukawa eigenvalues and mixing angles for N g = 2, /=- 


0.00013 and other parameters same as in Table 7.1 Notice that the light neutrino masses 


are in an acceptable range but Y U =Y U , Y d =V and the quark mixing is negligible. M u c = 
XM u c/m= {0.000697,0.0000636}. 
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/ which implies Y u = Y v and Y d = Y t (see Table 7.2). Type II seesaw contribution 
is generated by VEV of 0[l,3,-2] multiplet [Ml 7U1 E5, EZj which is now family 
group triplet. In the MSGUT(NMSGUT) Type I dominates over the Type II. Type 
II contribution needs to be re-examined in the YUMGUT. Complete superheavy 


spectra (in units of m/X) for the solution found is presented in Table 7.7 in Appendix 
B. Only the SM singlet sector G7[l, 1,0] has pseudo-Goldstones (which can act as 
DM candidates). 


7.5.2 Realistic Case (N g = 3) 


Symmetry breaking equations in this case are more complex and offer a number of 
phenomenologically interesting possibilities like light sterile neutrino and novel DM 
candidate from MSSM singlet sector G[1,1,0]. Like N g — 2 case, d equations can be 
written as 


S ■ S = 0 

Now 


Xi 

0 

0 

X12 

X13 

0 ^ 

0 

X.2 

0 

X12 

0 

X23 

0 

0 

X 3 

0 

X13 

X23 

X12 

X12 

0 

Xl + X.2 

X23 

X13 

X 13 

0 

X13 

X 23 

Xl + X.3 

X12 

0 

X23 

X23 

X13 

X12 

X2 + X 3 / 


and E — {cr 11; 022 , 033 ? o’ 12 , c’' 135 023 } 


(7.48) 


(7.49) 


Det[ E] = (X1X2X3 - X1X23 - X12X3 + 2x12X13X23 - xl 3 X 2) 

{xlx .2 + xlxs ~ X 1 X 12 ~ X 1 X 13 + X 1 X 2 + 2xi X2X3 + X1X3 
-X 12 X 2 ~ 2x12X13X23 - X 13 X 3 + X2X3 - X2X23 + X 2 X 3 ~ X23Xs)(7-50) 
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Det[ S] should vanish for the non-trivial solution. Order of mass matrices will be 
double that of N g = 2 case and can be written using 0 3 [U] matrix function defined 
as: 


SlaM = 


On 

0 

0 

V12 

72 

v 13 

72 

0 

0 

u 22 

0 

V12 

72 

0 

V23 

72 

0 

0 

CO 

0 

V13 

72 

V23 

72 

V12 

Via 

0 

V11+V22 

V23 

Via 

V 2 

72 

2 

2 

2 

V13 

0 

V13 

V23 

V11+V33 

V12 


72 

2 

2 

2 

0 

V23 

V23 

V13 

V12 

V22+V33 

72 

72 

2 

2 

2 


(7.51) 


Matter Yukawas can be written by the same procedure as in the N g = 2 case 


Y, = 


( hVi + fVr (hV 4 + fV 10 )/V 2 (hV 5 + fV n 
(hV .4 + fV w )/V2 hV 2 + fV 8 (, hV 6 + fVu)/V2 

K (hV 5 + fV n )/V 2 (hV t 3 + fV 12 )/y/2 hV 3 + fV 9 ) 


( 


Yd = 


hWi + fWi s (hW A + fWie)/y/2 (hW 5 + 


(7.52) 


(hW 4 + fW w )/y/2 hW 2 + fW u ( hW 6 + fW w )/V2 
\(hW 5 + fW 17 )/y/2 (hW 6 + fW ia )/y/2 hW 3 + fW 15 

To avoid pseudo-Goldstones, we start with the non-degenerate case Rank[ S] = 5. 


/ 


A. Rank[ S] = 5 

Using Cramer’s rule, we can solve S • E = 0 for five d variables in terms of under¬ 
mined one (say d 2 3 ) 



cr = ~(^ l v)a 23 (7.53) 


Here d= (Su, a 22 , a 33 , d 12 , d 13 ), S 5 and v are upper left 5x5 block and 6 th column 
(deleting the last element) of S respectively. We can construct a from v = — (Sj 1 u) 



7.5 Analytical and Numerical Analysis 


162 


Then 


where 


a = 



Vi 


V± 

V2 

1 

\V5 

1 

v 3 J 


&23 


Det[a] = 


Det[E\N 5 (x) 

d 5 (x) " 


23 


(7.54) 


N 5 (x) = (X13X2 - 2 X 12 X 13 X 23 + X1X23 + X12X3 - X1X2X3) (X12X13 + X 13 X 2 X 23 
— XlXl 2 X '3 — X12X2X3) ( Xl 2 Xl 3 + XlXl 3 X 2 + X 13 X 2 X 3 — X 12 X 23 X 3 ) 


t ~\ / ~\ / - ~2 -2 , -2 -2 - -2 ~2 - , ~ ~2 -2 , - 2-2 - 

DAx) — ( — X1X12X13 + X1X13X2 — X12X13X2 + X1X13X2 + X1X12X3 

X12X13X3 - X1X2X3 + X1X12X2X3 + XiX? 3 X2X3 - X 1X2X3 + X13X2X3 
2X12X13X2X23X3 + X1X2X23X3 + X1X12X3 - X1X2X3 + X12X2X3 
-X1X2X3) 3 ( 7 - 55 ) 

Thus 


Det[a ] ~ Det[ H] =>- Det[c r] = 0 = Det[M v <] (7.56) 


It implies the existence of one or more light sterile neutrino depending upon the 
zero eigenvalues of a VEV. We proceed by solving the Det[ E] = 0 condition for xi : 


(X13X2 - 2x12X13X23 + X12X3) 
(X2X3) - xi 3 


(7.57) 


Like N q =2 case, we solve for the undetermined variable <723 from one of the equations 


of Eq. (7.42) and P using Eq. (7.39). In the search program the remaining equations 
are used to solve for A and W. Notice the factor 


(X1X2X3 — X1X23 — X12X3 + 2x12X13X23 — X13X2) 
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S.No. 

M h 

Y u 

Y d 

1 . 

2.55 + 0.13i 

0.007,0.019,0.368 

0.007,0.014,0.306 

2 . 

1.44 - 0.61* 

0.027,0.13,0.409 

0.009,0.083,0.242 

3. 

1.28 + 0.75* 

0.063,0.228,0.424 

0.019,0.083,0.186 

4. 

1.16 + 0.67* 

0.062,0.193,0.439 

0.02,0.099,0.188 

5. 

1.06 - 0.73* 

0.009,0.076,0.458 

0.008,0.078,0.321 

6 . 

0.02 - 0.03i 

0.022,0.254,0.604 

0.009,0.104,0.289 

S.No. 

Y, 


{$ 13 ; $ 12 ; $ 23 }^ 




(deg.) 

1 . 

.007,0.026,0.421 

0.014,0.032,0.533 

0.56,13.18,1.58 

2 . 

.023,0.094,0.314 

0.018,0.213,0.566 

3.42,8.71,3.87 

3. 

.031,0.103,0.212 

0.015,0.187,0.624 

6.65,6.59,1.11 

4. 

.029,0.094,0.259 

0.018,0.283,0.42 

2.6,5.18,1.96 

5. 

.009,0.073,0.4 

0.008,0.214,0.558 

1.51,11.19,4.61 

6 . 

.007,0.148,0.338 

0.01,0.159,0.608 

1.04,1.57,6.03 

S.No. 

m,d 

(eV) 

M[,c 

1 . 

0.16, 0.1597,0.0104, 0.0104,1.7 x 10 " 6 

365.07,0,0 

2 . 

0.2056,0.2054,0.05,0.0499,3.8 x 10 " 6 

365.07,0,0 

3. 

0.3021,0.302,0.0781,0.0781,4.4 x 10 “ 7 

365.07,0,0 

4. 

0.1806,0.1805,0.1254,0.1254,7.8 x 10 ~ 7 

365.07,0,0 

5. 

0.1946,0.1945,0.0533,0.0532,7.2 x HU 7 

365.07,0,0 

6 . 

0.2837,0.2836,0.0129,0.0128,6.4 x 10 ~ 6 

365.07,0,0 


Tabic 7.3: Yukawa eigenvalues and mixing angles for N g =3 (Rank[ S] = 5), /=0.9+0.7 
i. A =.48+.3i , 7j =.25 , h= 1.3, 7 =.05, 7 =- 1 . 2 , £=3.645+.363i . M u c is independent of 
Mh value chosen. 


of Det[ S] occurs twice in Det[d\. We used this factor to acheive vanishing Det[ S] in 
our numerical search program. So a VEVs (see Appendix A) have two zero eigen¬ 
values. We therefore need to integrate out only one heavy right handed neutrino. 
Leptonic superpotential is : 


Wlep = Va y ab"b + \v T a m ab 1j b (7.58) 

Using superpotential equation of motion : 

Y 3A"A 

M33 


v3 = 


(7.59) 
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In a right handed neutrino diagonal basis, the effective superpotential reads : 

1 


W eff = vIKpNB + V K M aaVa ~ *4 ( o 


, i Y u Y v 

T 1 1 3 A 1 3B 


2 Mi 


33 




(7.60) 


We can write a dimension five (k ) operator for three left handed neutrinos: 

Kab = -(Y") T A3 M^(Yn 3B (7.61) 

The light sterile neutrino will get Dirac mass only, so the mass matrix is given by : 

A 


Allight „ 


f K 

Bn 

ft 12 

ftl3 

yu 

1 11 

yu 

*21 

^21 

ft22 

ft23 

77 

to ^ 

yu 
1 22 

^31 

ft32 

ft33 

yu 

1 13 

yu 
1 23 

yu 

1 11 

to ^ 

yu 

1 13 

0 

0 

yu 

\ 1 21 

yu 

1 22 

yu 

1 23 

0 

0 


(7.62) 


Using the above solution and random superpotential parameters, we have calculated 
the Yukawa structure and neutrino masses for all the Mu values as shown in Table 


7.3| Notice that in this case neutrino masses are larger comparative to the earlier 
case due to the mixing of Dirac coupling. Superheavy spectrum is shown in Tables 


7.8 and 7.9, it also exhibits pseudo-Goldstones in the G[l, 1,0] sector. 


B. Rank[ E] = 4 

In this case, one can determine 4 b variables, out of a total of six. We have additional 
conditions for vanishing 5x5 minors of E along with Det[ E], By calculating bn, 
b 22 , b 33 , b 12 in terms of (bi 3 , b 23 ), we can construct b as we have discussed earlier 
for Rank[ E] = 5 : 

b = 7lbi 3 + -Bb 23 (7.63) 

where the matrices A and B are functions of the y elements. Now we can’t factorize 
Det[d] separating y elements and bi 3 , b 23 as in the previous case. So none of 
the Det[d] factors is common with Det[ E], Even in the special case: bi 3 = b 23 
Det[a] factors are different from that of Det[ E], Therefore, Rank\E7\ = 4 could be 
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S.No. 

M h Y u 

Y d 

{# 13 , # 12 , #23}^ 

(deg.) 

1 . 

-4.323 + 1.47* .0007, .0021, .0215 

.001, .0019, .0219 

9., 15.9,15.6 

2. 

.465 + 3.382* .0018, .0148, .0182 

.0020, .0197, .0222 

11.3,1.5,4.9 

3. 

.76 -2.193* .0029, .0113, .0137 

.0054, .0233, .0385 

1.5, 6.2, 7.4 

4. 

-0.002 + 0.968* .0105, .040, .077 

.0035, .0174, .0408 

5.2, 3.7,2.8 

5. 

-.508 -.209* .0077, .053,.1126 

.0019, .0159,.0381 

1.1,12.1,1.4 

6. 

— .092 — .032* .0041, .0467, .0558 

.0035, .0413, .0522 

8.7, 5.5,2.6 

S.No. 

Y, Y„ 

{$ 13 , # 12 , # 23 } L 

(deg.) 

M u c 

1 . 

.0013, .0041, .0517 .0023, .0064, .0468 

3.6,20.3,23.3 

5.9, 5.3,1.5 

2. 

.0034, .0148, .0205 .0032, .0126, .0162 

27.5,14.5,47.0 

5.9, 5.3,1.5 

3. 

.0053, .0121, .0458 .0033, .0102, .020 

13.6,11.1,41.1 

5.9, 5.3,1.5 

4. 

.0048, .0174, .0473 .0092, .0181, .0915 

23.9,14.5,17.7 

5.9, 5.3,1.5 

5. 

.0042, .0224, .0382 .0061, .0584, .0835 

23.7,26.1,49.4 

5.9, 5.3,1.5 

6. 

.0043, .0497, .0621 .0049, .0355, .0518 

14.1,37.6,46.3 

5.9, 5.3,1.5 

S.No. 

m„/10 _4 (meV) 

Am 2 /10 _ 

13 (eV 2 ) 

1 . 

0.039,0.187,40.543 

.0033,164.372 

2. 

0.079,0.807,4.09 

0.0645,1.6074 

3. 

0.12,0.32,6.946 

0.0088,4.8143 

4. 

1.33,4.503,23.439 

1.851,52.9128 

5. 

0.926,17.046,34.448 

28.9722,89.6078 

6. 

1.03,4.96,9.806 

2.3544, 7.1562 


Table 7.4: Yukawa eigenvalues and mixing angles for N g =3 (Rank[ E] = 4), /= -0.11 + 
.02 i . M v c = A M v c/m. m/X is taken to be 10 16 GeV to estimate Am^. A= 0.48 - .05 i, 
tj= -.18, h= .26, 7 = 0.12, 7 = -1.44, £= 1.7278 - 0.1734i 


a workable scenario with Type I seesaw neutrino masses and without light sterile 
neutrinos. Vanishing of the common factor of 5 x 5 minors results in a complicated 
system. For convenience, we choose two factors to vanish which results in null 
dimension 5 minors. Thus, we get three conditions, one from Det[ E]=0 and following 
two from 5x5 minors: 


X13X23 — X12X3 — 0 
X12A13 + X12X2X23 + X13X23 = 0 


(7.64) 
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S.No. 

M h 

Y u 

Y d 

{$13; $12) $23}^ 
(deg.) 

1. 

-4.323 + 1.47* 

0.001,0.003,0.026 

0.001,0.003,0.027 

0.002,0.008,0.015 

2. 

.465 + 3.382* 

0.002,0.013,0.015 

0.002,0.015,0.017 

0.014,0.002,0.003 

3. 

.76 - 2.193* 

0.003,0.01,0.014 

0.005,0.019,0.028 

0.002,0.008,0.013 

4. 

—0.002 + 0.968* 

0.007,0.033,0.079 

0.004,0.017,0.042 

0.005,0.004,0.002 

5. 

-.508 - .209* 

0.006,0.047,0.105 

0.002,0.017,0.038 

0.001,0.013,0.002 

6. 

-.092 - .032* 

0.003,0.044,0.054 

0.003,0.043,0.053 

0.009,0.006,0.004 

S.No. 

W 

Y„ 

{$ 13 , @ 12 , # 23 } L 

(deg.) 

M p c 

1. 

0.001,0.003,0.027 

0.001,0.003,0.026 

0.27,9.82,2.13 

0.006,0.005,0.001 

2. 

0.002,0.015,0.017 

0.002,0.013,0.015 

2.41,22.56,37.83 

0.006,0.005,0.001 

3. 

0.005,0.019,0.028 

0.003,0.01,0.014 

2.97,28.08,18.45 

0.006,0.005,0.001 

4. 

0.004,0.017,0.042 

0.007,0.033,0.079 

5.81,7.17,25.52 

0.006,0.005,0.001 

5. 

0.002,0.017,0.038 

0.006,0.047,0.105 

2.7,6.33,54.28 

0.006,0.005,0.001 

6. 

0.003,0.043,0.053 

0.003,0.044,0.054 

3.38,7.5,58.18 

0.006,0.005,0.001 

S.No. 

nij,(meV) 

Am))/10 

- 5 (eV 2 ) 

1. 

0.0006,0.0047,1.2427 

2.16 x 10 -6 , 0.15 

2. 

0.0056,0.0284,0.3286 

7.74 x 10 

- 5 ,0.011 

3. 

0.0096,0.0256,0.3686 

5.64 x 10 

" 5 , 0.013 

4. 

0.0652,0.8982,3.3757 

0.080,1.06 

5. 

0.0701,2.2717,3.2128 

0.516,0.516 

6. 

0.025,0.7852,1.4609 

0.062,0.152 


Table 7.5: Yukawa eigenvalues and mixing angles for N g =3 (Rank[ S] = 4) and the 
same parameter values as in Table 7.4 but with much smaller /= -0.00011 + .00002 i. 
M u c = A M v c/m. mj A is taken to be 10 16 GeV to estimate Am 2 . 


We solve these equations for and X'i 


Xi = 


X12X13 

X /23 


A, 2 = 


Xl 3 (Xl2 + X23) 


X 12 X 23 


A .3 = 


Xi.3X2.3 
X12 


(7.65) 


Besides Eqns. ( 7.39|7.40|7.42 ) we have seven equations (4 a equations and 3 above 
conditions). For consistency we fix £ parameter using one extra condition. 


We calculate Yukawa eigenvalues (Eq. 7.52) along with quark and lepton 
mixing angles for large and small values of / and a random illustrative set of super¬ 


potential parameters. The results are given as Tables 7.4 and 7.5 and superheavy 
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spectrum in Tables 7.10 and 7.11 


C. Using symmetric irrep of 0(3) 

Another alternative that we have investigated is considering only the 5-dimensional 
irrep of 0(3). We write the traceless symmetric 3x3 representation as 


4*ab = + <f>J- Ti£ + 


72 


x/2 Vz 


J U U B) 


Here A 3 and As are the usual diagonal 3x3 Gell-Mann matrices. Matrix S is given 
by 


/ 


— X22 + 2£ 

~ All - X22 + £ 

Al2 

0 

— X23 

-Xll - X22 + f 

-An + 2£ 

Al2 

—Al3 

0 

X12 

X12 

(xii+X22+2^) 

X23 

Xl3 

2 

2 

2 

2 

2 

0 

X13 

X23 

-X22+2^ 

X12 

2 

2 

2 

2 

X23 

0 

Xl3 

Xl2 

-Xll+2? 


\ 


(7.66) 


S = (cTn, <t 2 2 , d 12 , (Ti 3 , CT 23 }. In the present scenario matrix function f2' 3 [V] has the 
following form : 


fi'sM = 


( 711+722 

Tlx-722 

0 

7l3 

7 23 \ 

2 

273 

2 

2 

7ix-7 2 2 

-7x1-722 

7l2 

7l3 

723 

2x/3 

2 

73 

2V3 

2^3 

0 

7l2 

7li+7 2 2 

7 23 

7l3 

U3 

2 

2 

2 

7l3 

7x3 

723 

722 

7x2 

2 

2V3 

2 

2 

2 

7 2 3 

723 

7l3 

7x2 

-Hi 

2 / 

V 2 

2v/3 

2 

2 


(7.67) 


Higgs mass matrix can be obtained by using Q 3 and rows and columns are labelled 
by { {Rll J 22 \ \fl(Hn + H 22 ),V2Hu,V2H 13 ,V2H 23 } and { (Hll ^ 22) , + 


y/2 1 y 2eU j 1 ±± 2.2)-> V V ***16, V ***26} <***** \ >y 2 

H 22 ), a/277i2, V2H 13 , x/2H 23 }. Up and down quark Yukawas are given as : 


^h( 


Y„. = 


Yl 

72 


Y) + f(Y 


76 

A 

V2 


h% + /- 




72 

A 

72 


Yt_\ 

s/6> 


^ 


+ /$t 


\ 


'72 

v 2 




V 
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S.No. 

M h 

Y u 

Y d 

{#13, #12, # 23 }^ 

(deg.) 

1 . 

135.29 + 11.98* 

.054, .068,.1718 

.0001, .0012, .0019 

8.23,34.35,32.04 

2 . 

25.4 + 1.72* 

0.0, .0588, .0938 

0.0, .0021, .0034 

(.1,1.7,1.2) x 10 ~ 6 

3. 

24.6 + 1.16* 

0.0, .0614,.1325 

0.0, .0016, .0036 

8.12 x 10 ~ 8 , 0 , 0 

4. 

18.41 + 1.4* 

.001, .0555, .125 

.0035, .011, .0264 

3.48,6.01,8.67 

5. 

18.32 + 1.23* 

0.0, .0584,.1322 

0.0, .0112, .0255 

4.86 x 10“ 9 ,0,0 

S.No. 

Yi 

Y„ 

{6*13, 6*12 , #23} L 

Mpc 




(deg.) 


1 . 

.0029, .0066, .013 

.174, .2183, .551 

5.92,32.15,9.6 

22.39,8.89,7.05 

2 . 

0.0, .0177, .0283 

0.0, .2272, .3629 

(.11,8.5) x 10” 7 , 28.7 

22.39,8.89,7.05 

3. 

0.0, .0068, .0147 

0.0, .236, .5094 

(.03,1.2) x 10” 6 ,19.4 

22.39,8.89,7.05 

4. 

.0098, .0136, .038 

.0028,.122, .275 

14.33,20.53,35.13 

22.39,8.89,7.05 

5. 

0.0, .015, .034 

0.0,.1284, .291 

5.7 x 10" 9 , 0,42.03 

22.39,8.89,7.05 

S.No. 

n+(meV) 

A ml(eV 2 ) 

1. 

(1.29,1.62,4.1) x 10 “ 2 

(.096,1.42) x 10 “ 9 

2 . 

6.5 x 10- 11 , 

. 012 , .028 

(1.49,6.18) x 10 " 10 

3. 

2.0 x 10 ' 10 , 

.017, .045 

(2.75,17.9) x 10 ~ 10 

4. 

1.5 x 10~ 6 , 

. 010 , .011 

(1.08, .23) x 10 ~ 10 

5. 

1.1 x 10 ' 10 , 

.012, .013 

(1.33, .29) x 10 ~ 10 


Table 7.6: Yukawa eigenvalues and mixing angles for traceless case N g =3 (Rank[ E] = 4), 
/ = 0.23 +.04 i . M u c = \M u c/m. m/X is taken to be 10 16 GeV to estimate Am^. A= 0.18 
- .03i, rj = .034, 7 = -0.53, 7 = -2.60, h = .14, £= 7.677 + 0.15772i. M u c is independent 
of Mg value chosen. 


Y d = 


*h{ 


V 


Wi 

V2 


W2 j _|_ j ^ Wi 


V6 

h Wa fWlA 


1 W12 ' 
\/2 ' \/6 ‘ 




( W2 Wi -i 1 f! W 12 Wn 

,/fi ,/9+M ,/R ,/9 


' \/6 


Wl 2 


Eu 




h^ 2 +f^t 






\ 




(7.68) 


We have solved the least degenerate (i?anfc[S] = 4) case. This option has 
relatively fewer parameters so it is easier to perform numerical searches. We solved 
some equations analytically and remaining numerically to find solution. Yukawa 


eigenvalues and mixing angles are given in Table 76, super heavy spectrum in Tables 
17+21 and 17+31 
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7.6 Discussion and Outlook 

We proposed }l~45j dynamical generation of flavour based upon the Susy SO(IO) and 
family gauge group. In literature 0(3) family symmetry with traceful representation 
is considered for non-renormalizable and non-GUT Yukawa-on models [ 144] . however 
our model is renormalizable and GUT based. Yukawon fields break flavour and GUT 
symmetry spontaneously. Emergence of light Higgs of the effective MSSM among 
the large number of YUMGUT MSSM type Higgs multiplets is ensured by the 
consistency condition Det(fH) = 0. SM fermion and neutrino Yukawa couplings are 
generated by the VEV of the Yukawon field. SO(IO) Yukawa couplings are just single 
complex number thus parameter reduction is one of the main virtue of YUMGUTs. 
Consistent SSB is achieved with the introduction of ( 0(N g ) symmetric- two field S, 
</>) BM (hidden sector) superpotential. 0(N g ) singlet (S s ) breaks Susy and traceless 
part S is fixed against visible sector fields contribution to 0(N g ) D terms and thus 
facilitates YUMGUTs. 

We have analyzed the toy model (N g = 2) and realistic case (N g = 3) without any 
optimization. As explained earlier the rank of the coefficient matrix S of the F a d -— 0 
equation is crucial for determining the SSB. For N g = 2 Rank[S] <2^- Rank[ S] = 0, 
so to avoid problematic pseudo-Goldstone non-degenerate Rank[ E] = 2 is the only 
viable scenario. Using random set of superpotential parameters we find Yukawa 
eigenvalues different by a factor of about 10, small quark and large lepton mixing 
angle. 

In the realistic case (N g = 3) we have considered several possibilties like 
Rank[ E] = 5, Rank\B7\ = 4. If we consider the reducible 6-dimensional symmetric 
representation of 0(3) with equal superpotential couplings for traceless and singlet 
part then non-degenerate case (Rank[ 3 ] = 5) give rise to light sterile neutrino. 
This motivates reconsideration of the no-go [55] in the MSGUT using light sterile 
neutrinos. Rank reduction of homogeneous system provides a possible route to find 
non-zero eigenvalues of a(d) VEV. We have also studied the case using traceless - 
dimensional representation. We can’t use traceless representation for N g = 2 because 
cubic invariants in the superpotential do not contribute. We have calculated the 
complete superheavy spectrum for all the cases considered (given in Appendix B) 
to check the existence of pseudo-Goldstones which may be present when there is 
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Higgs duplication. Spectra do not contain pseudo-Goldstone except the SM singlet 
G [1,1,0] sector which does not affect unification. 

In all the cases studied acceptable Yukawa hierarchy and mixing is achieved but 
neutrino masses generated are too small. Type I contribution can be raised by sup¬ 
pressing / which provides unacceptable Yukawa structure. We have not considered 
the contribution of Type II seesaw generated by the VEV of symmetric multiplet 0~. 
Although we expect it to be small as compared to Type I as in MSGUTs, but some 
special points may yield significant contribution. Addition of 120-plet, which along 
with 10-plet is mainly responsible for generating charged fermion masses, is another 
way to get neutrino masses in experimentally measured range. The Rank[ S] = 5 
case (considering 6 dim symmetric representation) phenomenology needs to be in¬ 
vestigated because this provides sterile neutrino. With optimization, one can expect 
to find the flavour blind parameters of YUMGUT which can produce actual MSSM 
Yukawas. To completely demonstrate this idea we need to produce realistic SM 
mass mixing data respecting NMSGUT fitting features which will require a huge 
computational effort. 

A number of experimental signals such as light moduli fields and singlet pseudo- 
Goldstones [lT6j which can also be DM candidates are associated with our proposal. 
These fields also cause cosmological problems. Thus our work has laid the basis for 
an extensive program of future studies in unification and cosmology. 





7.6 Discussion and Outlook 


171 


Appendix A : YUMGUT VEVs 


The values of the VEVs of the YUMGUT Higgs fields responsible for breaking 
S'O(IO) —> MSSM in units of m/X ~ 10 16 GeV are : 


1. N g =2, Rank[ S] =2 


W = 


0.141 — 0.203f 0.3168 + 0.189i 

0.3168 + 0.189i -0.2667 + 0.3075i 


(7.69) 


P = 


-0.236 - 0.2001* 0.1787 — 0.028f 

0.1787 — 0.028i -0.2297 + 0.1202i 


(7.70) 


A = 


-0.23 - 0.3521* 0.3382 + 0.0777f 

0.3382 + 0.0777i -0.4475 + 0.2227i 


a = a = 


^0.0863 — 0.2366i 0.1973 + 0.1041* 

. 0.1973 + 0.1041* —0.0863 + 0.2366i 

\ l 


(7.71) 


(7.72) 


D x = 2(|p + | 2 - \p_ | 2 + 3(|o + | 2 - |a_ | 2 ) + 6(|u; + | 2 - | W _| 2 ) 

+\\ a +\ 2 ~ I 0- -! 2 + \\°+\ 2 ~ I 5 "-! 2 ) = _8 - 94 


(7.73) 


2. N g =3 

VEVs are written in prime basis where D-terms point in third direction. 


A. Rank[ S] =5 (tracefull symmetric representation) 


o' = o' 


^—8.1532 + 14.4793i ^11.7404 - 7.4196* 0.194- 1.1043*^ 
-11.7404 - 7.4196i 6.6912 - 9.4853f 0.9135 + 0.2088f 
v 0.194 - 1.1043* 0.9135 + 0.2088i 0.0124 + 0.0746iy 


(7.74) 
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A' = 


P' = 


W' = 


^—2.7937 - 0.4459* 
-0.0298 - 1.8182* 
v 2.573 — 0.2572* 

( 2.6802 - 0.9855* 
0.589 - 1.518* 
^—13.9797 + 0.005* 

( 1.0342 + 0.1527* 
-0.4614 + 0.2617* 
v 2.0891 + 0.4169* 


-0.0298 - 1.8182* 
-2.6651 + 0.5903* 
-0.4297 - 1.5744* 

0.589 - 1.518* 
4.1178 + 0.5751* 
1.9362 - 0.8664* 

-0.4614 + 0.2617* 
-1.4776 - 0.1941* 
-0.3529 + 2.8359* 


2.573 — 0.2572* N 
—0.4297 — 1.5744* 
-0.8325 - 0.1193*y 

-13.9797 + 0.005*^ 
1.9362 - 0.8664* 
6.1195 + 0.1825* y 

2.0891 + 0.4169* ^ 
-0.3529 + 2.8359* 
1.3112 + 0.0711* y 


(7.75) 


(7.76) 


(7.77) 


D' a x = 3319.05“ 


(7.78) 


B. Rank[ H] =4 (tracefull symmetric representation) 


-/ -/ 
a = a 


^—0.0515 - 2.2441* 
1.6389 + 0.9556* 
v 0.8735 + 1.689* 


1.6389 + 0.9556* 
0.4307 + 0.2916* 
-1.8341 - 2.1534* 


0.8735 + 1.689* ^ 
-1.8341 - 2.1534* 
0.926 + 1.8694* y 


(7.79) 


^—1.1162 + 0.1493* 

-0.6261 -0.4133* 

-0.1611 + 0.4422*^ 

-0.6261 - 0.4133* 

0.3311 + 0.7292* 

-0.3128 - 0.1764* 

^—0.1611 + 0.4422* 

—0.3128 — 0.1764* 

-0.7771 - 0.6807 *j 

^0.7956 - 0.2474* 

0.0406 - 0.4419* 

0.6712 + 0.2745* ^ 

0.0406 - 0.4419* 

0.3486 + 1.7078* 

—0.0373 — 0.1994* 

^0.6712 + 0.2745* 

-0.0373 - 0.1994* 

-0.4144 - 0.7517*y 

^—0.0025 - 0.4259* 

0.0644 + 0.4904* 

-0.3268 - 0.5708*^ 

0.0644 + 0.4904* 

-0.3575 - 0.0647* 

0.0554 + 0.2052* 

^—0.3268 - 0.5708* 

0.0554 + 0.2052* 

0.5644 + 0.6209* 


(7.80) 


(7.81) 


(7.82) 
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D'x = 47.045“ 


(7.83) 


C. Rank[ S] =4 (traceless symmetric representation) 


a = o' 


^1.5506 - 5.4394* 
1.7398 + 4.1109* 
^0.0011 - 0.0811* 


1.7398 + 4.1109* 
-1.6868 + 2.0758i 
0.0202 + 0.042* 


0.0011 - 0.0811*^ 
0.0202 + 0.042* 
0.1361 + 3.3636* y 


(7.84) 


^—1.8304 - 0.7199* 

1.5213 - 0.445* 

-0.0854 + 0.0056*^ 


1.5213 - 0.445* 

0.6854 + 0.7288* 

-0.0906 - 0.0529* 

(7.85) 

^-0.0854 +0.0056* 

-0.0906 - 0.0529* 

1.145 - 0.009* y 


^-0.2976 + 0.0331* 

0.3609 - 0.0673* 

-0.2904 + 0.0343*^ 


0.3609 - 0.0673* 

0.2394 + 0.4181* 

-0.5147 - 0.2562* 

(7.86) 

v -0.2904 + 0.0343* 

—0.5147 — 0.2562* 

0.0581 - 0.4512* j 


( 1.0622 + 0.3626* 

-0.7826 + 0.3279* 

-0.0567 + 0.0102*^ 


-0.7826 + 0.3279* 

-0.3667- 0.2597* 

-0.1406 - 0.0597* 

(7.87) 

^—0.0567 + 0.0102* 

-0.1406 - 0.0597* 

-0.6955 - 0.1029*y 



D' a x = 275.155“ 


(7.88) 


Appendix B : Superheavy Spectra 


We present here superheavy spectra (in units of the MSGUT scale parameter m/X) 
in the toy model (N g = 2) and realistic case (N g = 3): 
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Field 

Masses 

[SU(3),SU(2),Y] 



4i,i,4] 

4.093,3.321,0.137 

B[ 6, 2,5/3] 
48,2,1] 
43,2,7/3] 
43,2,1/3] 

0.106,0.099,0.091 

1.727,1.727,1.224,1.224, 0.614, 0.614 

1.919,1.433,1.191, 0.810, 0.205, 0.134 

1.475,1.043, 0.716,0.716,0.677,0.594, 0.506 

0.404, 0.277, 0.087, 0.073, 0.050, 0.004 

41 , 1 , 2 ] 

41 , 1 , 0 ] 

1.794,1.794,1.681,1.317,0.289,0.228, 0.018 

1.672,1.665,1.248,1.248,0.766,0.766,0.504, 0.469, 0.208 

hW [1,2,1] 
[1,2,1] 

/4 } [1,2,1] 

J[3,1,10/3] 
43,1,4/3] 

0.201, 0.079, 0.068, 0.055, 0.011, 0.009, 0 

3.799, 2.812,1.398,1.182, 0.983, 0.74, 0.588, 0.511, 0.159, .024, .013 
3.947,2.961,1.623,1.247,1.009, 0.726, 0.556, 0.51, 0.14, .044, .005 
4.161, 3.196, 2.049,1.289, 0.979, 0.710, 0.540, 0.520, 0.152, .029, .010 

0.210,0.192,0.003 

1.889,1.889, 0.946, 0.740, 0.453, 0.278, 

0.119, 0.086,0.021,0.006 

K[ 3,1, -8/3] 
46,1,2/3] 

M[ 6,1,8/3] 
46,1, -4/3] 
0[l,3,-2] 
P[3,3,-2/3] 
Q[8,3, 0] 
48,1,0] 
41,3,0] 
4)[3,l,-2/3] 

1.591,1.237,0.116 

1.066,0.916,0.757 

1.340,0.958,0.493 

1.795,1.178,0.345 

1.127,0.886,0.084 

0.902,0.754,0.595 

0.163,0.126,0.083 

0.170, 0.119, 0.107, 0.086, 0.066, 0.047 
0.090,0.058,0.011 

3.264, 2.802,1.824,1.496,1.175,1.019, 0.89 

4)[3,l,-2/3] 

0.824, 0.598, 0.495, 0.343, 0.202, 0.055, 0.026, 0.007 

3.418,2.936,1.873,1.636,1.2,1.053,0.909,0.824 

4)[3,l,-2/3] 

0.692, 0.532, 0.454,0.211,0.077,0.018, 0.001 

3.650, 3.156, 2.097,1.747,1.273,1.116, 0.926, 0.824 

0.779, 0.541, 0.466,0.223,0.116,0.023, 0.002 

U[ 3, 3,4/3] 

41, 2,-3] 
146,3,2/3] 
X[3,2,-5/3] 
116,2,-1/3] 
48,1,2] 

0.084,0.070,0.054 

0.227,0.208,0.003 

1.693,1.324,0.902 

1.666,1.666, 0.149,0.102,0.072,0.070, 0.066 
0.167,0.118,0.058 

0.100,0.086,0.070 


Tabic 7.7: Mass spectrum of superheavy fields in units of m/X ~ 10 16 GeV for N g = 2. 
Only the spectra of h[ 1,2, ±1], i[3,1, =f 2/3] (given in colors S.No. 1 (Blue), S.No. 2 
(Green), S.No. 3 (Red)) depend on the value of Mh chosen (see Table [ tT| for the values 
of M h ). 









7.6 Discussion and Outlook 


175 


Field 

Masses 

[SU(3),SU(2),Y] 



4M,4] 

9.93,8.08,7.34,4.06,2.53,0.84 

B[ 6, 2, 5/3] 
£[8,2,1] 

D[ 3, 2, 7/3] 

E[ 3, 2,1/3] 

6.46,6.38,5.8,5.18,4.83,2.88 

4.62,4.62,4.36,4.36,4., 4., 2.2,2.2,1.88,1.88, 0.35, 0.35 

7.55,4.64,4.25, 3.95, 2.71, 2., 1.92,1.61,1.39,1.1,1.08, 0.53 
28.48, 28.48, 20.62,19.48,18.45,18.19,14.85,13.38 

5.94,4.47,3.32, 2.87, 2.54, 2.28, 2.2,1.54,1.36 

1.28,1.16,1.06, 0.97, 0.8, 0.4,0.25, 0.24 

F[l,l,2] 

24.66,24.66, 21.78, 20.8,19.4,18.4 

14.65,13.88,4.6, 3.65,1.9,1.7, 0.14 

£[1,1,0] 

45.55,45.55, 39.11, 37.34, 36.03, 35.82, 27.46, 26.75,15.96 

14.2,14.0,13.83,11.92,11.41,10.75, 8.62, 7.15, 6.35, 6.03 

5.27,4.47, 3.4, 2.15,1.77,0.76, 0.66, 0.11, 0.05, 0, 0, 0 

J[3,1,10/3] 

J[3,1,4/3] 

17.23,13.25,11.82,4.61, 2.61,1.17 

25.09, 25.09, 23.7,23.02,20.65,19.5,16.49,15.45, 7.68 

7.07,5.18,4.66,4.51, 3.25, 3.07,1.94, 0.86,0.68, 0.23 

^[3,1, -8/3] 
£[M, 2/3] 

M[ 6,1,8/3] 
iV[6,1, -4/3] 
£[1,3, -2] 
P[3,3,-2/3] 
Q[8,3,0] 

R[ 8,1,0] 

8.41,5.21,4.54,1.46,1.01,0.44 

13.27,9.28,5.3,4.92,3.49,0.91 

12.48, 8.46, 6.42,4.37,3.29, 0.71 

14.23,10.71, 7.19, 7.07, 3.87, 0.22 
14.05,9.35,8.34,5.48,3.22,1.05 
9.63,7.14,5.65,2.8,1.6,1.27 

15.14,12.38, 8.53, 7.75, 2.31, 0.93 

27.29,18.82,13.31,10.7, 9.3, 6.36 
6.12,6.07,5.45,3.68,2.58,0.15 

S[l,3,Q] 

U[ 3, 3,4/3] 
V[l,2, -3] 

W[ 6, 3, 2/3] 
X[3,2,-5/3] 

29.76,19.87,14.44,10.53, 7.96,1.74 

24.78,15.76,13.17,6.8, 5.83, 3.13 

18.19,16.8,15.59,13.91,4.48,2.43 
6.72,5.37,4.41,2.72,1.44,0.15 

16.48,16.48,11.8, 9.05,8.37, 6.22,3.69 
3.5,2.79,1.91,1.31,0.77,0.49 

F[6,2,-l/3] 
^[8,1,2] 

7.51, 7., 6.1, 3.69, 2.2,1.52 

27.05,18.02,10.94, 9.02, 8.06,0.93 


Table 7.8: Mass spectrum of superheavy fields in units of m/X ~ 10 16 GeV in 6-dim 
symmetric tracefull (Rank[ S] = 5) scenario with N g = 3. Only the spectra of h[ 1,2, ±1], 
t[ 3,1, =f 2/3] depend on the value of Mh chosen (see Table 7.9 for the spectra for each of 
the 6 values of Mh )• 
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M h 

Mi, 2 , 1 ] 

*[3,1,-2/3] 

2.55 + 0.13i 

34.81,32.15,27.12,21.08 

20.53,18.99,12.6,12.06 

11.62,10.96,10.38,9.51,7.29 

6.87,3.57,2.7,2.28,2.06 

0.74,0.59,0.32,0.13,0.05 

39., 36.27, 35.17, 27.86, 27.6, 24.06 
21.67,18.22,13.95,12.81,10.72,8.94 
8.28,7.46,6.5,5.07,4.49,4.09 
3.44,3.08,2.23,1.52,1.36,0.78 
0.49,0.43,0.26,0.21,0.11,0.04 

1.44 — 0.617 

34.77, 32.11,27.08,21.06 
20.5,18.95,12.5,11.96 
11.55,10.81,10.28,9.54,7.3 
6.87,3.5,2.59,2.31,1.97 
0.5,0.38,0.23,0.11,0.04 

38.97,36.25,35.14, 27.88, 27.49, 24.01 
21.68,18.09,13.86,12.87,10.71,8.73 
8.17, 7.54,6.53,5.05,4.49,4.07 
3.45,2.92,2.24,1.49,1.29,0.61 
0.44,0.37,0.23,0.18,0.1,0.05 

1.28 + 0.757 

34.77, 32.1,27.08,21.05 
20.5,18.95,12.49,11.95 
11.55,10.81,10.27,9.54,7.3 
6.86,3.5,2.59,2.32,1.96 
0.49,0.37,0.22,0.11,0.01 

38.97, 36.25, 35.13, 27.88, 27.48, 24. 
21.69,18.08,13.86,12.87,10.7, 8.72 
8.16,7.55,6.53,5.05,4.49,4.07 
3.45,2.91,2.24,1.49,1.29,0.58 
0.44,0.35,0.21,0.17,0.1,0.06 

1.16 + 0.67i 

34.77, 32.1,27.07,21.05 
20.49,18.94,12.48,11.94 
11.54,10.79,10.26,9.55,7.3 
6.86,3.49,2.58,2.32,1.95 
0.450.34,0.21,0.12,0.01 

38.96, 36.24, 35.13, 27.88, 27.47, 24. 
21.69,18.07,13.85,12.88,10.7,8.7 
8.15,7.56,6.54,5.05,4.49,4.07 
3.46,2.89,2.24,1.49,1.28,0.55 
0.43,0.33,0.21,0.16,0.1,0.06 

1.06 - 0.73i 

34.77, 32.1,27.07,21.05 
20.49,18.94,12.48,11.94 
11.54,10.79,10.25,9.55,7.31 
6.86,3.49,2.58,2.32,1.95 
0.46,0.34,0.22,0.14,0.03 

38.96, 36.24, 35.13, 27.89, 27.46, 24. 
21.69,18.07,13.85,12.88,10.7, 8.69 
8.15,7.56,6.54,5.05,4.49,4.07 
3.45,2.89,2.24,1.49,1.28,0.54 
0.43,0.34,0.21,0.16,0.1,0.06 

0.02 - 0.03i 

34.75,32.08,27.05,21.04 

20.47.18.92.12.44.11.9 
11.51,10.74,10.19,9.57, 7.33 

6.86.3.48.2.57.2.33.1.9 
0.36,0.28,0.23,0.21,0.09 

38.95, 36.24, 35.12, 27.91,27.4, 23.97 
21.69,18., 13.82,12.92,10.68, 8.58 
8.1,7.6,6.56,5.05,4.5,4.06 
3.46,2.84,2.24,1.48,1.25,0.43 
0.31,0.22,0.19,0.13,0.11,0.06 


Table 7.9: Mass spectrum of superheavy fields h[ 1,2, ±1], t[3,1, =p2/3] which depend 
on the value of Mu chosen in units of m/X ~ 10 16 GeV in 6-dim symmetric tracefull 
(Rank[S\ = 5) scenario with N g =3 for all values of Mu- 
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Field 

Masses 

[SU(3),SU(2),Y] 



71[1,1,4] 

1.531,1.462,1.282,1.265, 0.379, 0.072 

B[ 6, 2, 5/3] 

48,2,1] 

2.885, 2.445, 2.409,1.901,1.219,1.001 

1.195,1.195, 0.911, 0.911, 0.889, 0.889 

0.625, 0.625, 0.604, 0.604, 0.594, 0.594 

D[3,2,7/3] 

1.269, 0.896, 0.862, 0.719, 0.667, 0.625 

0.612, 0.511, 0.412, 0.354, 0.191, 0.131 

43,2,1/3] 

6.259, 6.259,4.381, 3.93, 3.543,2.986,2.936,2.512,1.437,1.123 
1.092,1.016, 0.965, 0.915, 0.775, 0.733, 0.701, 0.677 

0.598, 0.425,0.322,0.241,0.218, 0.189, 0.12 

C[l,l,2] 

6.007, 6.007, 5.122, 3.971, 3.444, 3.184, 2.948 

2.772,1.425,1.044,0.462,0.194,0.119 

41 , 1 , 0 ] 

10.192,10.192, 8.226, 7.903, 6.583, 6.275, 5.522,4.998, 3.994, 
3.749, 2.885, 2.787, 2.528, 2.217, 2.148, 2.029,1.792,1.711,1.673 
1.333, 0.973, 0.948, 0.877, 0.79, 0.616, 0.42, 0.062, 0, 0, 0, 0 

J[3,1,10/3] 
43,1,4/3] 

2.885, 2.736, 2.417, 2.372,1.463, 0.301 

6.398, 6.398,4.68, 3.929, 3.452, 3.086, 2.974,2.642,1.678,1.272 
1.193,1.144, 0.965, 0.904, 0.542, 0.371, 0.161, 0.106, 0.032 

^[3,1, -8/3] 
46,1,2/3] 
Af[6, 1,8/3] 
46,1, -4/3] 
0[l,3,-2] 

-P[3, 3, —2/3] 
Q[8,3,0] 
48,1,0] 

1.009, 0.766, 0.757, 0.625, 0.559, 0.468 

1.533,1.08,1.044, 0.626,0.613,0.596 

1.580,1.328,1.268,1.048, 0.785, 0.388 

1.628,1.311, 0.983, 0.933, 0.7, 0.487 

1.359,1.219, 0.813, 0.699, 0.494, 0.218 

0.8,0.698,0.625, 0.357, 0.192, 0.179 

2.887, 2.692, 2.093,1.587,1.258,1.238 

3.538, 2.886, 2.656, 2.515, 2.429,1.9 

1.779,1.528,1.318, 0.889, 0.875, 0.774 

41,3,0] 
u[ 3,3,4/3] 

41, 2, -3] 

46,3,2/3] 

X[3,2,-5/3] 

2.92,1.885,1.511, 0.892,0.843,0.507 

1.518,1.479,1.172, 0.965, 0.278, 0.256 

3.775, 2.588,1.961, 0.965, 0.857, 0.767 

1.27,1.098,1.005, 0.826,0.727,0.696 

2.885, 2.33, 2.33, 2.085,1.796,1.746,1.367 

1.063, 0.963, 0.92, 0.876,0.871,0.339 

y[6,2,-l/3] 

48,1,2] 

2.51,1.743,1.682, 0.966,0.906,0.893 

3.394, 2.183, 2.124,1.157, 0.984, 0.96 


Tabic 7.10: Mass spectrum of superheavy fields in units of m/\ r\j 10 16 GeV in 6-dim 
symmetric tracefull scenario (Rank[ H] = 4). 
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M h 

Mi, 2 , 1 ] 

*[3,1, -2/3] 

-4.323 + 1.47* 

10.09,9.86,8.22,7.93,7.31 

6.46,5.85,3.74,3.49,3.26 

2.39,2.04,1.76,1.41,0.89 

0.75,0.63,0.61,0.48 

0.33,0.27,0.1,0.03 

9.96,9.82,7.84,7.49,7.12,6.57 

5.94,3.43,3.29,3.05,2.22,1.84 

1.72,1.49,1.32,1.16,1.05,1.0 

0.99,0.79,0.74,0.65,0.63,0.61 

0.52,0.4,0.32,0.28,0.2,0.12 

0.465 + 3.382? 

9.71,9.48,7.76,7.42,6.71 

6.27,5.16,3.58,3.17,2.64 

2.4,1.96,1.72,1.55,0.92 

0.66,0.63,0.61,0.52 

0.32,0.26,0.13,0.03 

9.63,9.39,7.35,7.03,6.59,6.28 

5.11,3.18,2.91,2.7,2.1,1.83 

1.68,1.46,1.36,1.21,1.11,1.04 

1.02,0.8,0.74,0.66,0.63,0.61 

0.49,0.37,0.25,0.22,0.17,0.13 

0.76 -2.193* 

9.52,9.22,7.52,7.1,6.35 

5.94,4.61,3.29,2.87,2.52 

2.09,1.92,1.76,1.17,0.97 

0.72,0.66,0.62,0.52 

0.31,0.22,0.17,0.04 

9.46,9.09,7.14,6.74,6.23,5.87 

4.46,3.01,2.51,2.14,2.09,1.91 

1.72,1.43,1.28,1.2,1.12,1.07 

1.03,0.79,0.77,0.63,0.61,0.59 

0.47,0.35,0.27,0.18,0.14,0.1 

-0.002 + 0.9687 

9.4,9.01,7.38,6.9,6.16 

5.7,4.19,3.18,2.61,2.36 

2.11,1.38,1.15,1.07,1.01 

0.73,0.66,0.63,0.36 

0.2,0.13,0.06,0.02 

9.34,8.87, 7.04,6.54,5.98,5.61 
3.84,2.83,2.25,1.99,1.83,1.69 
1.64,1.38,1.32,1.29,1.17,1.06 
0.95, 0.82, 0.79, .63, 0.61, 0.57 
0.38,0.2,0.13,0.1,0.08,0.03 

-0.508 - 0.209? 

9.39,8.99,7.37,6.86,6.15 

5.64,4.12,3.16,2.45,2.41 

2.13,1.35,1.24,0.95,0.82 

0.71,0.67,0.63,0.39 

0.17,0.11,0.05,0.02 

9.33,8.84, 7.03,6.5,5.96,5.54 
3.76,2.84,2.1,1.99,1.79,1.7 
1.62,1.46,1.35,1.27,1.14,0.98 
0.91,0.82,0.81,0.63,0.59,0.55 
0.28,0.14,0.12,0.08,0.06,0.03 

-0.092 - .032?: 

9.37,8.98,7.35,6.84,6.13 

5.61,4.1,3.17,2.45,2.37 

2.17,1.32,1.2,0.88,0.85 

0.72,0.68,0.63,0.37 

0.12,0.08,0.05,0.02 

9.32,8.82,7.03,6.48,5.95,5.52 

3.71,2.83,2.07,1.99,1.82,1.7 

1.62,1.45,1.33,1.27,1.14,1. 

0.89,0.83,0.81,0.63,0.59,0.55 

0.31,0.1,0.07,0.06,0.04,0.02 


Table 7.11: Mass spectrum of superheavy fields h[ 1, 2, ±1], t[ 3,1, =f 2/3] which depend on 
the value of Mh chosen in units of m/X ~ 10 lb GeV in 6-dimensional symmetric tracefull 
(Rank[ S] = 4) scenario with N g =3 for all values of Mh- 
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Field 

Masses 

[SU(3), SU(2), Y] 



41,1,4] 

0.602, 0.596, 0.515, 0.461, 0.446 

B[ 6, 2,5/3] 

48,2,1] 

1.099, 0.861, 0.826, 0.248, 0.244 

0.563, 0.563, 0.552, 0.552, 0.532 

0.532, 0.483, 0.483, 0.482, 0.482 

D[3, 2, 7/3] 

0.584, 0.571, 0.563, 0.561, 0.531 

0.513, 0.493, 0.482, 0.465, 0.461 

43,2,1/3] 

8.843, 8.843,1.48,1.47, 0.92, 0.858,0.847 

0.658, 0.658, 0.482, 0.467, 0.462, 0.452, 0.426 
0.423, 0.388, 0.351, 0.33, 0.31, 0.061, 0.022 

41 , 1 , 2 ] 

8.262, 8.262,1.603,1.591, 0.997, 0.901 
0.882,0.49,0.462,0.165,0.075 

41 , 1 , 0 ] 

15.3,15.3, 2.62, 2.601,1.866,1.317,1.315,1.111,1.11 
0.979, 0.92, 0.772, 0.744,0.642,0.626,0.498, 0.384 
0.327,0.327,0.245, 0.136, 0.065, 0.031, 0,0, 0 

J[3,1,10/3] 
43,1,4/3] 

0.974,0.898,0.462,0.149,0.06 

9.188, 9.188,1.438,1.428, 0.908, 0.83,0.821, 0.573 
0.525,0.494,0.469, 0.432, 0.21, 0.19,0.07, 0.025 

K[ 3,1, -8/3] 
46,1,2/3] 
M[6,1,8/3] 
46,1, -4/3] 
0[l,3,-2] 

43, 3,-2/3] 

Q[ 8,3,0] 
48,i,o] 

0.565,0.555,0.53,0.483,0.48 

0.596,0.574,0.542,0.452,0.45 

0.692, 0.635, 0.582, 0.359, 0.356 

0.549, 0.548, 0.516, 0.503, 0.496 

0.772, 0.771, 0.419, 0.396, 0.282 
0.596,0.593,0.504,0.471,0.45 
0.967,0.846,0.595,0.14,0.112 
1.18,0.959,0.856,0.441,0.406 
0.394,0.319,0.31,0.274,0.272 

41,3,0] 
u[ 3, 3,4/3] 
41,2, -3] 

W[ 6, 3, 2/3] 
-43, 2, —5/3] 

1.279,1.269, 0.537, 0.098, 0.024 
0.776,0.762,0.3,0.138,0.051 
1.065,1.05,0.422,0.167,0.076 
0.63,0.602,0.549,0.421,0.416 

2.084, 2.084, 0.857, 0.791, 0.772, 0.699 
0.577,0.238,0.161,0.07,0.053 

116,2,-1/3] 

48,1,2] 

0.587, 0.533, 0.426, 0.167, 0.158 

0.768, 0.669, 0.501, 0.063, 0.045 


Table 7.12: Mass spectrum of superheavy fields in units of m/A ~ 10 16 GeV in 5- 
dimensional symmetric traceless case (Rank[ E] = 4). 
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M h 

Mi, 2 , 1 ] 

*[3,1,— 2/3] 

135.29 + 11.98* 

136.697,136.68,136.528 
135.959,135.936,2.939 
2.925,1.921, .78, .77, 0.655 
0.55,0.62,0.557,0.505 
0.481,0.466,0.266,0.217 

136.517,136.501,136.392,135.942 
135.923, 2.293, 2.282,1.407, 0.697 
0.687, 0.652, 0.609, 0.593, 0.573, .559 
0.527,0.522,0.52,0.483,0.477 
0.391,0.387, 0.169, 0.139, 0.072 

25.4 + 1.72* 

29.744,29.664,28.968 

26.179,26.063,3.287,3.252 

1.821,1.52,0.992,0.927 

0.658,0.605,0.579,0.517 

0.284,0.115,0.103,0.008 

28.908,28.83,28.323,26.094 
25.996, 2.715, 2.688,1.506,1.195 
0.86, 0.809, 0.679, 0.633, 0.599, .572 
0.556,0.534, 0.526, 0.398, 0.392 
0.258,0.177, 0.161, 0.026, 0.007 

24.6+1.16* 

29.034,28.952,28.237 

25.37,25.25,3.299,3.263 

1.828,1.55,1.003,0.937 

0.659,0.606,0.585,0.518 

0.285,0.104,0.092,0.008 

28.176,28.096,27.575,25.282 
25.181, 2.732, 2.703,1.533,1.202 
0.868, 0.816, 0.682, 0.635, 0.599, .572 
0.556,0.534, 0.526, 0.398, 0.392 
0.259,0.17,0.153,0.031,0.012 

18.41 + 1.4* 

24.01,23.909,23.03 

19.435,19.281,3.413,3.353 

2.055,1.669,1.115,1.043 

0.697,0.633,0.602,0.528 

0.291,0.076,0.061,0.004 

22.965,22.865, 22.217,19.321 
19.19,2.89,2.841,1.831,1.228 
0.942, 0.885, 0.734, 0.644, 0.604, .577 
0.562,0.537, 0.528, 0.398, 0.392 
0.276,0.109, 0.095, 0.069, 0.061 

18.32 + 1.23* 

23.926,23.825,22.943 

19.332,19.177,3.416,3.355 

2.062,1.669,1.118,1.046 

0.699,0.633,0.602,0.528 

0.291,0.078,0.062,0.004 

22.878,22.777, 22.127,19.218 
19.086, 2.893, 2.844,1.838,1.228 
0.943, 0.887, 0.735, 0.645, 0.604, .577 
0.562,0.537, 0.528, 0.398, 0.392 
0.276,0.108, 0.095, 0.069, 0.061 


Table 7.13: Mass spectrum of superheavy fields h[l,2, ±1], t[3,1, =p2/3] which depend 
on the value of Mjj chosen in units of m/X ~ 10 16 GeV in 5-dim symmetric traceless 
(Rank[ E] = 4) scenario with N g =3 for all values of Mu■ 



Chapter 8 


Summary and Outlook 


This thesis is based upon a particular GUT, called New Minimal Supersymmet¬ 
ric SO(IO) Grand Unified Theory (NMSGUT) [57], which is capable of producing 
realistic fits of basic fermion mass mixing data. Baryon decay is a peculiarity of 
GUTs and various extensions of SM predict lepton flavour violation. The main 
motive of our study is to check the compatibility of the model (NMSGUT) with 
experimental data, particularly constraints from baryon number and lepton flavour 
violation, and on the basis of realistic NMSGUT parameter sets to further refine 
the NMSGUT predictions and thus subject it to stringent falsification tests. Apart 
from this we aimed to improve the NMSGUT fitting process by inclusion of loop 
effects on Susy spectrum, consideration of heavy right handed neutrino thresholds 
and RG improvements in the large NMSGUT FORTRAN code. 

This work emphasizes the importance of GUT scale threshold corrections for 
baryon number violation rates. MSSM is the effective theory of the GUT and its 
light Higgs is a combination of different Higgs multiplets from all the Higgs irrep of 
the NMSGUT. So, light Higgs can have wave function corrections from all the heavy 
fields at SO(IO) Yukawa vertex. Wavefunction renormalizion constant of Higgs line 
can have very small value Z H g ss 1CU 2 . This lowers the tree level SO(IO) Yukawas 
required to match the GUT derived effective MSSM fermion Yukawas with MSSM 
data. Since the same Yukawas determine the d = 5 A B ^ 0 operator we get sup¬ 
pressed B violation rates. We have shown that instead of being problematic the large 
number of superheavy particles at GUT scale can cure the long standing problem of 
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fast baryon decay rates in Susy GUTs. We have extended the already available FOR¬ 
TRAN and Mathematica codes of NMSGUT calculations [57]. Including GUT scale 
threshold corrections, we have searched for the set of NMSGUT superpotential pa¬ 
rameters and mSUGRY NUHM soft parameters, respecting RG constraints, which 
accurately fit the fermion mass mixing data and experiment compatible B-decay 
rates (i.e. < 1CU 34 yrs -1 ). These fits have smaller values of all the superpotential 
parameters as compared to the tree level fits. Soft parameters prefer the same range 
as found before and provide mini-split Susy spectrum with heavy third s-generation. 

The other pressing issue on which we have focussed is computation of one loop 
corrected Susy spectrum. Direct inclusion of one loop self energies to the Susy spec¬ 
trum of NMSGUT solution (fits which produce realistic fermion data and acceptable 
B-decay rates) drives slepton and squark masses to negative values. Heavy CP odd 
pseudoscalar Higgs provides huge corrections. Fresh searches were performed to 
get positive loop corrected sfcrmion masses by implementing a penalty on the ratio 
(^) 2 (0.3-2.7). This ratio is crucial for the Higgs sector and Higgsino loop correction 
to the scalars and solutions found have this ratio close to the upper limit applied. 
We have not yet found light smuon solution (which is very desirable for dark matter 
phenomenology and to resolve muon g-2 anomaly ) after including loop corrections. 
We perhaps require either more searches or deeper RG analysis of the soft param¬ 
eters. The refined NMSGUT fits have large Aq, M h j- { l /j, and B parameters with 
heavy third s-generation like the tree level fits. These distinct predictions of the 
model will be tested at LHC with the discovery of Susy particles. 

Branching ratio for different lepton flavour violating (Zj —>■ Z^q and Zj —> 3 Z-,-q) 
processes is calculated. These processes do not provide additional constraints on the 
soft mass matrices since the calculated BR is much smaller than the experimental 
upper bound because of the large sfcrmion masses and negative soft Higgs mass 
square parameters. We have calculated the Afor the loop corrected fits presented 
in Chapter 4 and 5. Since smuon is not light, this contribution is also very small. 
We have not yet estimated charged lepton electric dipole moments but can and will 
do so in upcoming studies. 

Another puzzle for the NMSGUT has been the necessity of using non universal 
Higgs doublets mass squared values that are negative : which is difficult when the 
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soft terms come from supergravity. We calculated the NMSGUT RG equations and 
used them to study parameter evolution between M P i anck and M G ut- We found that 
the universal positive scalar mass squared parameters provided by SUGRY easily 
become negative due to the RG flow thus removing the problem in principle. Future 
fits will thus include this third stage of RG evolution. 

Finally, we considered a new scenario based upon the SO(IO) and 
0{N g ) (family) gauge symmetry. In this framework, Higgs irreps of SO(IO) also 
carry family indices whose VEVs break GUT and family symmetry thus generating 
matter Yukawas with enough structure to account for the observed hierarchy. So the 
number of SO(IO) Yukawa couplings reduce dramatically. Therefore this scenario 
is called Ynkawon ultra minimal grand unified theory (YUMGUT). Consistent SSB 
requires introduction of a special type (‘Bajc-Mclfo’) of superpotential. Study of 
toy model (N g = 2) and realistic three generation case show that the realistic MSSM 
data can be produced dynamically by the VEV of Yukawon held. Consideration of 
126-126 VEV homogeneous equations of different rank provides new directions for 
model phenomenology such as existence of sterile neutrinos. YUMGUT also offers 
novel dark matter candidates from a SM singlet sector as well as from the hidden 
sector fields. 

This study shows that NMSGUT is quite compatible with B and L violation 
experimental data. All these observations make NMSGUT a leading candidate for 
physics beyond SM and a mature theory of particle physics. 
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